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rfi\- xnl^A’i iam 


Vkctous are denoted by letters in rlarendon type, as E. 

The three* eompoiieut- <d' a vector E aie denoted by A\, E,: 

and the magnitude of the veetor is denoted by E, so that 

7:^ E/ ^ E.; - E:\ 

The vector yroduct of two vectors E and H, which is denoted 
by [E.H], is the vector whose components are {EJI. - EJS^^ 
E,II, “ EJL^ EJIy - Eyll^), Its direction is at right angles to the 
direction of E and H, and its magnitude is rej>rescnted by twice the 
area of the triangle formed by them. 

The acalar product of E and H is jfe’.ZT, - E, Uy^ EJL. It is 
denoted by (E.H). 


Tlie (quantity 


cE^ <71 IE. 

V + — ^ 4 — 
cr < 1/ (Z 


is denoted by div E. 


Tlie veetor whose eoftiponents are 

('^ . 'J'-f _ '3i 1 

\ '^ll < - ’ <// r,C (Z I 

is denoted by curl E. 

If r denote a scalar (]uautity, the vector wljuse components lue 

/ cF cV ?r\ . , 

- ~ IS denoted bv a:rad f . 

\ t’.<* (J/ iZ I 

The symbol V is used to denote the vector operator wliose 
r r r 

components are - . 

ca- cf/ cz 

Differeiitiatioii w’ltli res])ei t to the time is frequently indicated by 
a dot placed (Jvqr the symbol of the variable which is dilferentiatcd. 




THEORIES OF AETHER AND ELECTR[CnT. 


CHAPTKIJ I. 

THE THEOrvY OF THE AETHER IN THE SEVENTEENTH CENTURY. 

The oljS('rvalinn ot the lu^avens, which ha^ Imhmi jmrsued chh- 
tiiiiially from tlie earlie.sl ages, irveale^l to the ancients the 
regularity of tin* lilam'tary motions, and gave lise to the 
cfuicejilion of a univtusal i>r<ler. M<Mh*rn le^farcl). building <'U 
this fn\indatinn, has shown Imw intimate is iht* conm'xi'ai 
ht‘tw(‘en tlu‘ dilleiiuit celestial bodies. They are formed of tie* 
sann* kind (.)f niattt‘r; they an* similar in origin and iiistory : 

and aciuss llie vast spaces which tlividt* thi*m they hold 

• 1 . 
perj)elual intercourse. 

I'nlil tlu* sevtuileentli century the only influence which was 
known to In* cai»ahle of pa.ssing from .star to star wa.s that of 
light. Xewton adiltal to thi.s the have of gravity; audit is now 
ri*(‘ognized that tlie [)ower of communicating across vacuous 
regions is possessed also hy the electric and magnetic attractirni.-. 

It i.s thus erroneous to regard the heavenly bodies as isolated 
in vacant space; around and between them is an incessant 
conveyance and transformation of energy. To the vehicle of this 
activity the name arfhcr has been given. 

The aether is the solitary tenant of the universe, save for 
that infinitesimal fraction of space which is occupied by onliiiary 
matter. Hence arise.s a ])rohlem which has long engaged 
attention, and ’is not yet completely solved: What relation 
subsists between the medium whieli fills the interstellar void 
and the condensations of matter tliat are scattereil throughout 
it ^ 
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I 'lic 'J'lu'ory of the Act/icr 


Tho histoiy of lhi^ may 1 m‘ tra(‘t‘il Ikk k mit mn'»Ti'<ly 

t(» tlu‘ t'arlita- l\<iif of ilu' M'vontoonth ooiiiiiry. It !■ «-! 
t'loarly in that iviMaiNH-intinn of iiloa.s rcLianliiiLi t a* )»li\^iral 
uiii\t*rso whirli wa- olVorital l»y Kom' I )(‘sraUo.s. 

I>o<(Mnn^ koni in 1 olMl. ilu* son ,»f .](*aclnii' J )o-.< ar!os, 
( ’ouns(‘lloi‘ to tlio l*arliann'iit '»f liriltany. .i yo :iio man Im‘ 
f<»llo\Vi‘\l tho ]»roios<nm o| arms, ami st*i\ 0 ‘l in tin* rampaij^ns of 
Jlaurice of Nassau, ami iho Kinpomr; lau liis Iwonly-foiirth 
year hroiiohr a pn*foiiml mental oiisis, apparently not unlike 
those which have been n'eoriU'tl of many religious leaders; and 
he resolvetl to devote himself thimec'lbrwanl to ila* study of 
philosophy. 

The aoe wliieh )‘roeede»l the hirtlt of 1 )es(arit‘s, and tliat in 
whieh he lived, were marked hy exents which oivaily altered 
the prevalent eom'ejaions of the world. Tin* discovery of 
America, tlie ein •niinavii>aii<»n <»f the oT^Ik* hy iMake, the o\»*r- 
thi’i^v of the Proh‘maie sy^'teni of astronomy, and the inxention 
of the teleseope. all helped to loo.<en the old foundations and to 
makt* plain t!j«* ne«Mj f.ri a n(*w stnieinr»*. It was this iljal^ 
l>eseaite^ ''••t him-elf i<» eier-i. Ills aiiiiyvas tile niost amla'tious 
that ean he eoneeiveil : it was nothin^ Jess than to e/eate from 
the l»e^innimi' a eoinpleti* system of Iniuian kiiowledm*. 

r)f such a sysleni tlie i»asis mu.st necessarily I Mi njeia]>liysic,al ; 
and this ]Mrt of Hescartes’ work is that )>y which he is most 
widely known. l»ut his cll'orts were also larj^ely devoted to llui 
iiiechanieal explanation of nature, wliicli indited he n*;^ninled as 
one of the chitif ends of I'hilo.sopliy.* 

The general eharacler of his writings may he illustratinl by 
a comparison with those of Ins most eelehrated eontemjiorary.t 
Bacon clearly deliiied the end to he sought for, and laid down 
the method hy which it was to he attained; tluiii, recognizing 
that to discover all the laws of nature is a task lieyond the 

* Of the M’orks which hear on our preseut subject, the Bioptrique and tho 
Metdores were piibli<lio(l at Leyden in 1G38, and tiie Principia Philosophiae at 
Amsterdatn in 1644, six yciirs before tlie death of its author. 

t The principal philosophical works of Bacon were written about eighteen years 
before lliose of Descaries. 



i/i the Scvcntccnlh CeiiluryK 


3 


|)o\sr.s of niHj mail oi' oin* lx* lijft to ]io.st(*i*ity tho 

work of in iIhj h-.uii<*\vork wliioli ho had dosi^niod. 

I )i*so.' rl os, on Ihooihoi* liand. dosiicd to loavo as lillJo* a> j>o.s.si)<le 
fur hs sucoossors to do; lii^was a tlioory of tlx* imivcnsf*, worked 
out ;is far as |»o>sil<lo in <‘\i*iy detail. It is, howoNoi-, iij|j>ussihl(* 
to tiorivo such a thoorv iiidiutively uidess ihen^ are at Ijaml 
sulliciinit ohsorvational data on which to hasc th(.‘ iiiduclioji ; 
and as siicli data wmt* not availalde hi tlie age of iJescartes, 
he was coinpelh^d to deduce phcnoinena from preconceived 
jiriiiciples and causes, afU*r the fasliiou of the older philosophers. 
To the inhenuit weakness of this iiietliod may lie traced the 
<*rrovs that at last brought his si'lieme to ruin. 

Th(‘ conli'ast hct\v(*oii the .systems of Iktcon and ni^'^cartes is 
not unlike that hetween ilic Jhiiiian lejmlilic and tlie mn]are of 
Alexander. In llx‘ ono oast* we ha\e a ean*i‘r «)f aggrandizmiunit 
pur''Uetl witli |•ali^Ml('e f«»i eentuii(*s: in the other a LiVowth of 
flingus-like ia]iidity, a >peetly ilutit m, and an iiuimniM^ 

inllutMUM* long exerted hy the disiinit(‘d fragment^. Tin* 
•iiaiideiir of Dt'se.irtes’ ])]an, and the holdnes> of its exec'Utitui, 
'^liimilalt'd seieiililie thought to a degn‘e ht*fore unjiaralhded ; 
and it was largtdy from its ruins thui Inter jiliilosojiliers 
eon>t luctial those nioix' valitl thet»ries whiidi lia>e eininied to 
our own tiiiKX 

Deseartes it'gardetl tlu* woihl as an immense niauliin*', 
ojHTating by tlie motion ami pres.sure of matter. “Give me 
mat t(‘i’ and motion,” lit»erietl, “ and J will construct tlie universe.” 
A jieculiarity whieh tlistinguished his system from that which 
afterwards sprang from its decay was the rejection of all forms 
of action at a distance ; he assumed that force cannot be com- 
municated except hy actual pressure or impact. By this 
assum])tion he was comiielled to provide an exjdicit mechanism 
in oi tler to account for each of the known forces of nature — a 
task evidently niiicli more ditlicult than that which lies before 
tlmse wlu) are willing to admit action at a distance as an 
ultimate property of matter. 

Since the sun interacts with the })lanets, in sending them 
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\ 

li;j:lil aiul boat ainl iwtiiiiMa lUow uiotion.s, il b fnan 

that y spaci* inu.>t u* a |)lrniini 

}iy uialtrr im|»fr(M*p( Imicli Imi ' r.i pai.If ..| 

M‘rving‘ a> tlu‘ vi'liiclo oi aial liLiht. I’lus < •lu lu'-ina m 

turn tlrt*‘niiintMl ilu‘ \ i*'\v \vliu*li hf a<l<.|)t(M| mi ilu* a Il-iuipoi ian! 
iliu*sti<'U «>l ihu natiiit' ‘»l iiiatlm*. 

llall«*r. Ill tliu (\'iil»'>iau pliil* wopiiy, chaiactri i/t*.! not l.\ 

iniiKMu*! rabilii\ , nr i.y any qu.ility nv .*Liui/:al>li* l»y i1m‘ 

I'Ut .''inipl} by rxltai^hui ; ♦‘xlnn-i*)!! i «»nstilulr.^ inaltri, .nib 

niattfi fuiixiii i;tr-> v],:n »*. 'I’ln* ha-i'' i»}' all tlmn^s is .1 jaiiuilivr. 
uUuiirntaiy. i!Uit|Uf Inj»»‘ «'!' iiian^u', l»')Uih{lt*ss in »‘\t»*nl aini 
iniiniU’ly liivisjiiK*. In iln* junro'-v lU' r\i>lution «»r tin* nni\<*r''n 
thiw distinct tonus of this matter ha\t‘ originaUai, (-(jnvsiMmd ■ 
ing ivspuc-tivoly to the luminous maltur of ilu» sun, the 
Iran.'^panuil matter of interplaiudary space, ami the diuise. 
opaipie nialtm* of the eaith. “The lirst is eonstituted hy what, 
has been serajaMi oh’ the tilher particles of matliM- when they 
wvvo iMunded: jt moves with so niueii vihoialy that when it 
meat's •»l)i(’r ho.lies the huie nf im a'jilation causes it to Im* 
hloktui alni diM.led hv thtUii ilil») a heap, of sliiall ])artieh‘> that 
aie of .-ueh a tiL'tin* a^ t«» till rxa( tly all the holes and '-mall 
inter^tieos which they tiud around llie^e ho«lics. 'I'he ni‘\l t>}*e 
iiiflmlf*- most of the lo-i of matter: i|s partieh'.s are splim iial, 
and «!ie \eiy small roinpaii*d with the iiotlies we see on tlie 
i-ntli; b it ne\ ertlioh*^^ thoy have a tiiiile magnitude, so that- 
they can Ije di\idec{ into others yet >ni.tlJej'. exists in 

addition a tliird ty]><' exmiijdititMl hy some* kinds of niattei’ — 
namely, tho.-,(? which, on acc()unl of their siz(* and figuri*, cannot he* 
so easily moved as the prec(?ding. I will midiNivour to show’ that 
all the bodies of tlie vi.si])le world are r:om])o.sed of these* tliree 
forms of matter, as of tliree* elistined edeinents ; in fact, that the sun 
and the fixed stars are formeel of tlie iirst e)f tluisej. eleuiients, the 
interidanetary spaces ed' tliej .secoml, anel the earth, wu'tli the* 
jdaiiets aiK-l cejinets, of the ihiiel. Fen*, se*eing that the sun anel 
the fixed stars emit light, the heavens transmit it, and the earth, 
the planets, and the comets reflect it, it atipears to me that there 
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is for iisiu^ lln-so thiiM* (jnalilios of luiiiiiiosily, traii:s- 

juhI op.'if'itv, ill onI(*i‘ to ilistiij,Lini>li tlio tlir(*o olomonts 
of til'* visil)lo world. ' 

.^\(*(*oi'diii^r to Dosoartos* t)i#*ory, tlio sun i'- tlio coiitio of an 
innii'-nsf‘ vorti‘\ formed of tin* or sul»tli*st kind of niattor.+ 
'FIjo oliiolo of in inf rijda/ioiary s]»ar;o is jiiattm- nf the 

socniid kind or elenn'iit, (*oni|»osO(l of a olosuly jiaeked assenil>la;;e 
of Lilolmlrs wlioso size is interniediato lM.*t\veen that of lJjt‘ 
\ oi t<‘\-inatt(*r and that of ])ondoiai)l(* nialtr*r. Tin* j^Iolailes of 
flir sroond (‘lenient, and all th(‘ niallt-r of the first (‘hnnent, are 
eoiislantly strainin;^- away fioni tla* etuitres around whieh they 
turn, owintt to llu‘ (‘(‘lit rifuoal foiee of tin* v<irtie(‘s;* so that the 
ololuil(*s are jm'ssed in eontaet with (‘aeli other, and tend to 
nioV(» outwards, although they do not actually so move.?} It is 
file ti'ansniission of this i»r(\ssur(‘ whieli constitutes light : the 
action of light th(‘refore extcuids on all sides round the sun and 
fixed stars, and travels instantaneously to any distance..'! In 
the vision is cianjiared to the jiereejition of the 

• l»re.s(‘nc(.* of ohjects wdiieh a blind man obtains by llie use of his 
stick; the transmissiwi of jnv.^sure along tin* .^lick from the 
ohjeel t(» the hand b(*ing analog(»us to the tran.smission of 
pressure from a luiuiiiou^ object to tlie (*ve by the second kind 
of matt(‘r. 

Deseaites sii]>])ose<l the ** tliversities of cohair and light 1“ 
be dui‘ to the dillei'cnt ways in which tin* matter moves.** In 
the J/c/f/e/vs,f t the vari<»iis colouis are connected with difl'erent 
rotatory velocities of tIu*glohules. tin* pailh les which ri*tatonK»st 
rajddly g-iving the siMisation of red, the sIow(*r oin*s of yellow, and 
(In* slowe.st of green and hhie — (he <*rder of eohairs being taken 
from tin* rainbow. The a.s.sertiiui of tin* dependenee of colour 

* Ji\irt iii, } .'>2. 

f Tt is furious to spoculutf on the impiessioii wliicii woutl have been j)rodufed 
had tiu? spiralily of ne bubu boeu disfo\eicd before the overlhi'ow of the Chirtesiau 
flieorv of voriiees. 

t IbuJ.y } Jbid.j ^(’>3. !| Ibid., } 04. ^ DiscoKi s jire/aier. 

** /‘riticipitty rart iv, § lOo. ■ff-DtHcunufJIiatthnt;. 
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on {*oriHj|ic tiino is .i cui inus h»it*sh:nlo\\ ini^- nl* nin* ••I 'dir 
giiMt oriivs of Nt'wton. 

Tho u'i‘in'ral t'xplanal ion nt nn iho^r iniHcipIcs wji^ 

ani]»l\tit‘*l l.y a lutao |i.nt’aMilai nl’ n 'i«*\inn ainl 

n*frarti"n. Tin* law nf rotlovinn - t h.ii 1 ho anulos ■ -{’ iii< iomc** 
an*l ri‘rva«'tinn aio oi[iial — ha»[ i't‘«*n k!i"\\n t'» t lu‘ ( i i ocks , hut 
tho law •'!’ rofiat Don — liial lla* m 1 ‘ ihr aiiLilos ..i’ iiM'i'Irn* i* 

uno rofuti’.in ai‘t‘ to oaoli m .1 •lopoii iini: on tin* 

nu*<[ia — \\a««^ n«‘u jaihlislu^.j l\»i- l.nso/ |)i‘siaih‘s -jaxo 

it a.s|i;s..\vn: hnt ho >o«‘nis to !;a\o Immmi ninlor consiflcrahh* 
ohliuMlions to WMlohioril Snoll </’•. ira.»|,//. lho|t‘vsoi of 

iL'ithoniulios ill LoviltMi, who IkkI <liso.)\ohM! it (’Xpotiniontallv 
ahouirh not iii tlu‘ form in whioh I>osonrtos o'uvo it) al»o\ii 
1(}21. Sni'll <li<l not puhlish his rosnlt. hnt ('oinmunicnlod it in 
iiiiiiiusoript to sf'Vt»ral poisons, ami lluvLnms allinns that this 
manuscript Inni hotm soon l»y Do-^o.jito.s, 

Dosoaitos pioM'iits iht* law as a ilohnoiioii IVoin thooj\. 
This, h"Wo\oi,lio ahlo to »h< only h>‘ llio ani of analoo\ , 
wliofi laN-- moot pnmlorihh^ l»o«iio>. “lh(‘y .no li;il»h* to ho 
h»‘i!t‘(to.l «.] >to}.])oti in iho ^alno way .i- tho motit)n of a hall m 
a siiiiio impinoin.ur nil a h"‘Iy : f'»i *' H i" to hi'hhwt* th.il 

tho aoti"!! «>r in* lination to m*»\**, whioh I ha\(‘ sai«l nin>l 1 m‘ 
taj,on n-i li'j'ht, *>110111 to foll'iW' in this tho samo laus-a^s 
motion. *?' Tims ho ropkK»*.s Imhi, who-** \i*.h)oity of j>r*>paL:at i*>n 
lio i)oliov»*- to 1*0 alwiiys inlinil*’. i>y a pi*>jootilt‘ whoso v(*l*>oit\ 
vaiit‘s from om* m(*<Iinm to am>tIior. Tin* law of ivfinction is 
thoii pi‘*AtMl as folhjwsJ : — 

Lot a hall thrown from yl m(*(‘t at a oloth C/JA\ so weak 
thict the? l»all is al»lo to laoak lhrou.c»li it ami ]>ass hoyomi, hnt 
with its rosultant volocity ro<lno(*<l in somo rloliniti^ ]>i’o])()rtion, 
say 1 : Z*. 

ThfMi if BI ho a lonj^th nioa.sur(‘<l (m tho rofraotcMl ray 
equal to ABy tho projoctilo will lake h times as lono* to 
deseriho BI as it took to descriho AJL lint tho coni])oii(‘nt 

* Lioptriqyey LiHcoum second. t Vnd.y Discours premier. 

J Ihid.y Discours seeonu. 
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(>l *\ 'lncity to tlH‘ r-lotli must 1j<* uuafl’rrjtrMl l<y tliu 

imj); < l : ami t I kmcI'miv ihu projcftioji y>7i of thu ivfraotud ray 
miisl Im‘ /. tiino.sas loii^* as llic* ]Hnj(‘f-tion JiU ai’ i]u^ iuc;id<*Tit 



Viiy. So if i ami r ^loiK^te tho angles (if incidence and refraction, 
\v(' liave 


sin r = 


BE 

BI 




or lli(‘ simvs of tin* aiiglt»s of incid(Mice and refraction are in a 
constaul rati<i : this is the law of refracthai. 

l)(‘sirinu' to incliidt* all known |>henoniena in his system, 
Dt‘scarit‘s de\oi(*d some attention to a ( lass of tdlects which 
*w(M*(‘ at that tiim* little thought of, Imt whieh were destined to 
]>Iay a great ]>art in tlie suliseqnent dt'velojnnent of PhvsiLs. 

'rh(‘ ;IU('i»•nl'^ wei'e aiM^uainted with the eiirioiis pro]»erties 
]>osse.>MMl liy two mimaals, amher ( i/Atk*rpoi«) and magnetic 
iron «»ii‘ (»; Tlu‘ fniiuer, when riihhed, 

attracts light hodies : the latter has the power of attracting 
iron. 

TIh* use of tin* magnet for tin* pur])ose of indicating direc- 
tif)n at s(\i do(\s not seem to have been ileriveil from classical 
anti<inity; hut it was certainly known in the time of the 
Crusades. Indei'ih magnetism was one of tlie few sciences 
whi(jh progressed during tlie Afiddle Ages; for in the thirteenth 
century Petrus Peregrinus,* a native of Alaricourt in Picardy,, 
iiuidt^ a discovery of fundamental importance. 

Taking a natural magnet or lodestone, which had been 
rounded into a globular form, ho laid it on a needle, and marked 


* TIi.s Kpiafola was written in liiU*. 
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the line along which the nee<ile set itself. Then laying'the 
needle on other jmrts of the stone, he obtained more lines in 
the same way. When the entuv surface of the stmie hail been 
covereil with such lines, their general disposition Is?' nine evident ; 
they formed ciieles, which ginlled the stone in e.Xiictly the same 
way as meridians of longitude giiille the earth ; and there were 
two points at opposite ends of the stone through which all the 
circles jiassed, just as all the meridians |»asa through the Ai'ctie 
and Antarctic poles of the earth.* Stimek by the analogy, 
Peregrinus proposetl to call these two points the ycks of the 
magnet: and he observed that the way in which magnets set 
themselves and attract each other depends solely on the }H)sitiun 
of their poles, as if these were the. seat of the magnetic power. 
Such was the origin of those theories of poles and polarization 
which in later «^s have playe<l so great a {tart iir' Natural 
Philosophy. 

The olwervations of Peregrinus wer'e greatly extended not 
long Irefore the time of Descartes by William Gilberd or Gilliertt 
(fe. 1540, d, 1603). Gilbert was born at Colcliester: after; 
studying at Cambridge, he took up medipal itractice in London, 
and had the honour of Ireing apiioiiited physician, to ()ueen 
Elizalreth. In 1600 he published a work* on Magnetism and 
Elwtricity, with which the mmlern history of both subjects 
begins. 

Of Gilbert’s electrical r-esearches we shall speak later : in 
magnetism he made the capital discovery of the reason why 
magnets .set in definite orientations with re8|)ect to the earth ; 
which is, that the earth is itself a great magnet, having one of 
its poles in high northern and the other in high southerni 
latitudes. Thus the i>roperty of the compass was seen to be 
included in the general principle, that the north-seeking pole of 

* ** Procul dubio dranes lineae bujusmodi in duo puncta concurrent siout omnee 
orbes meridiani in duo concurrunt polos mundi oppositos.*' 
t The form in the Colchester records is Gilberd. 

{ Giilielmi Gilberti de Magneto, Magneticisquecorporibiis, et de inagno magneto 
tellure : London, 1600. An English translation by P. F. Mottelay was published 
in 1893. 
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every magnet attracts the south-seeking pole of every other 
maenet, and rej)els its nortli-seeking pole. 

IJescartes attempted* to account for magnetic phenomena 
by Ids theory of vortices. A vortex of fluid matter was 
jjosiulated round eacli magnet, the matter of the vortex entering 
by one pole and leaving by the other : this matter was supposed 
to act on iron and steel by virtue of a special resistance to its 
motion afforded by the molecules of tliose substances. 

Crude though the Cartesian system was in this and many 
other features, there is no doubt that by presenting definite 
conceptions of molecular activity, and applpng them to so wide 
a range of phenomena, it stimulated the spirit of inquiry, and 
prepared the way for the moi-e accurate theories that came after. 
In its own day it met with great acceptance: the confusion which 
had resulted from the destruction of the old order was now, as 
it seemed, ended by a reconstruction of knowledge in a system 
at once credible and complete. Kor did its influence quickly 
wane ; for even at Cambridge it was studied long after Xewton 
•had published his theory of gravitation ;t and in the middle of 
the eigliteenth centuiy Euler and two of the Bernoullis based 
the explanation of magnetism on the h}qw)thesis of vortices.J 
Descartes’ theory of light rapidly displaced the conceptions 
which had held sway in the Middle Ages. Tlie validity 
of his explanation of refraction was, however, called in 
question by his fellow-countryman Pierre de Fermat (7/. 1601, 
ih 166r)),§ and a controversy ensued, whicli was kept up 
by the Cartesians long after the death of their mastei'. termat 

* Priuvipia^ Part iv, } 133 sqq. 

■fWhiston has recorded that, having returned to Cambiidge after Lis 
ordination in 1693, be resumed his studies there, particularly the Mathematicks, 
and the Cartesian Philosophy : which was alone in Vogue with us at that Time. 
But it was not long before I, with immense Pains, but n»> Assistanee, set myself 
with the utmost^Zeal to the study* of Sir Isaac Newton’s M'Oiiderful Discoveries. 

— VVhiston’s Memoirs (1749), i, p. 36. 

J Their memoirs ahai'ed a prize of the French Academy in 1743, and were 
piinted in 1752 in the Heeueil doi pieces gmontremporU lesprix ds VAead,, tome v. 

§Renati Descartes Epistolae, Pars tertia ; Amstelodami, 1683. The Fermat 
correspondence is comprised in letters xxix to XLVt. 
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eventually introduced a now fundamental law, from which* ho 
proposed to deduce the paths of rays of light. This was the 
celebrateil Principle of Least Time, enunciated* in the form, 
y Nature always acts by the shortest course.” From it the law 
of reflexion can readily lie derived, since the path descrilied by 
light between a point on the incident ray and a point on the 
reflected ray is the shortest ixwsible consistent with the con- 
dition of meeting the reflecting surface8.t In order to obtain the 
law of refraction, Fermat ossinned that ” the resistance of the 
media is diflerent,” and applied his “method of maxima and 
minima ” to find the iwth which woidd lie descrilietl in the least 
time from a jxiint of one lueilium to a point of the other. In 
1661 he arrived at the sohition.* “The result of my work,” lu‘ 
writes, “ has lieen the nnwt extraordinary, the most unforeseen, 
and the happiest, that ever was ; for, after having performed all 
the equations, multiplications, antitheses, and other oj)eratioiis 
of my method, and having finally finished the prolilem, I have 
found that my jirinciple gives exactly and precisely the same 
proiortion for the refriwrtions which Monsieur Descjirt€‘s lias • 
e.stablished.” Hi.s siirjaise was all tha gieater, a.s he had 
supposed light to move more slowly in dense than in rare media, 
whereas Descartes had (as will lie evident from the demon.stration 
given alwive) lieen obliged to make the contrary supiiosition. 

Although Fermat’s result was correct, and, indeed, of high 
pennanent interest, the principles from which it was derived 
were metaphy.sical rather than physical in character, and con- 
sequently were of little use for the purpose of framing a 
mechanical explanation of light. Descartes’ theory therefore 
held the field until the publication in 1667§ of the Micrograpliin. 

*£pist. XI.U, written nt Toulouae in August, 1657, to Monsieur de la 
Gbambre; reprinted in (Euvres de Fermat (ed. 1B91), ii, p. 3«54. 

t That reflected light follows the shortest path was no new result, for it had 
been affirmed (and attributed to Hero of Alexandria) in the Kc^aXtua r&v dirriHur 
of Heliodoms of Larissfi, a work of which Several editions were published in the 
seventeenth century. 

JHpist. xLiij, written at Toulouse on Jan. 1, 1662; reprinted in CSuvres de 
Fermat^iXt p. 457 ; i, pp. 170, 173. 

§ The imprimatur of Viscount Brouncker, p.r.s., is dated Nov. 23, 1664. 
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of lioliert Hooke (&. 1635, d. 1703), one of the founders of the 
Eoyal Society, and at one time its Secretary, 

Hooke, Who was both an observer and a theorist, made two 
experimental discoveries which concern our present subject ; but 
in both of these, as it appeared, he had been anticipated. The 
fii*8t* was the observation of the iridescent colours which are 
seen when light falls on a thin layer of air between two glass 
plates or lenses, or on a thin film of any transparent substance. 
These are generally known as the “ colours of thin plates,” or 
“ Newton’s rings ” ; they had l)een previously observed by Boyle.f 
Hooke’s second experimental discovery,}: made after the date of 
the Micrographin, was that light in air is not jnopagated exactly 
in straight lines, but that there is some illumination within the 
geometiical shadow of an oi>aque body. This observation had 
lK>eu published in 1665 in a \>osthumous work§ of Francesco 
Maria Grimaldi (i. 1618,^/. 1663), who liad given to the phe- 
nomenon the name diffmcHon. 

Hooke’s theondical investigations on light were of great 
importance, representing as they do the transition from the 
Cart(*siiiii system to the fully developed theory of undulations. 
He begins l)y attacking Descartes’ proi)o.sition, that light is a 
teiulency to motion rather than an actual motion. " There is,” 
he observes, II “ no luminous Body but has the parts of it in 
motion more or less ” ; and this motion is “ exceeding quick.” 
Moreovei*, since smne ) todies (e.g. the diamond when rubbed or 
heaietl in the dark) shine for a eonsitlerahle time without being 
waste<l away, it follows that whatever is in motion is not per- 
manently lost to the body, and therefore that the motion must 
he of a to-and-fro or vibratory character. The amplitude of the 
vibrations must be exceedingly small, since some luniiiious bodies 
(e.g. the diamond again) are very hard, and so cannot yield or 
bend to any sensible extent. 

I * 

• Mierographi^^ p. 47. t Boyle’s Worki (ed. 1772), i, p. 742, 

X Hooke’s roaihuMottst JForkSf p, 186. 

j Vhgaico^Motheaia da Imninef eolorihut^ et iride. Bologna, 1665 ; booki, prop.i. 

II Microgrttphiaf p. 55. 
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Concluding, then, that the condition aHttociati il with the 
emission of light l>y a luniimnis IkkIj is a rapid vibrntory m(»tion 
of very small amplitude, Hooke next inquires liow travels 
through sptice. “The next thing we .are to consider/’ he says, 

“ is the way or manner of the tntjedion of this inuti«»n thr<»ngh 
the interjKKs’d |iellucid body to the eye: And here it will be 
easily granted — 

“ Fii*st, that it must l>e a IhhIy ami of 

this motion that will deserve the name of a T!ans])arent ; and 
next, that the i^irts of such a Unly must be hontof/eiuvu.'i, or of 
the sjime kind. 

“ Tliinlly, that the constitution and motion of the jiarts must 
be such that the appulse of the luminous lx)dy may lx* commu- 
nicated or propagated through it to the greatest imaginable 
distance in the least imaginable time, though I see no reason to 
affirm that it must be in an instant. 

Fourthly, that the motion is propagated every way thruugli 
an Homoyenemts medium by direct or dmifjht lines extended every 
way like Hays from the centre of a Sphere. • 

“Fifthly, in m Homoijcmoii^ vacr/faw# this motion is jnopa- 
gated every way with equal velocity, whence necessarily every 
jndm or vihrationi of tlie luminous body will generate a Sphere, 
which will continually increase, and grow bigger, just after the 
same manner (though indefinitely swifter) as the waves or rings 
on the siurface of the water do swell into bigger and bigger 
circles about a ixjint of it, where by the sinking of a Stone the 
motion was 1>eguii, whence it necessarily follows, that all the 
piirts of these Sjdieres nudulate«l through an Homof/efuou^ uicdivm 
cut the Kays at right angles.” 

Here we Jiave a fairly definite mechanical conception. It 
resembles that of Descartes in pustulating a medium as the 
vehicle of light ; but according to the Cartesian hypothesis the 
disturbance is a statical pressure in this incclium, while in 
Hooke’s theory it is a rapid vibratory motion of small amplitude. 
In the above extract Hooke introduces, moreover, the idea of 
the wave-surface, or locus at any instant of a disturbance gene- 
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rat(‘«l originally at a pfiiiit, and affirms that it is a sphere, 
whose centie is the point in question, and whose mdii are 
the rays ot‘ light issuing from the imut 

Hooke s next effort was to produce a mechanical theory of 
ndi.iction, to rephice that given hy Descartes. “Because,” he 
say.s, “ all transparent lacdiitms are not Homofjnum/s to one 
anol her, tluneforo we will next examine how this pulse or motion 
will he jinjpagated through difleringly transparent medivms. 
And here, according to the most acute and excellent Philosopher 
l)t:H 6V/r/c.s*, I suppose tlie sine of the angle of inclination in the 
liist Dudiuhi to he to the sine of refraction in the second, as the 
density of the first to the density of the second. P>y density, I 
mean not the density in respect of gravity (with which the 
refractions or transparency of mediums hold no proportion), but 
in resiwct only to the tmjectwn of the Rays of light, in which 
respect they only differ in this, that the one j)ropagates the 
pulse more easily and weakly, the other more slowly, but 
more strongly. But as for the pulses themselves, they will 
•by the refraction acquire another property, which we shall now 
endeavour to explicate*. 

“ We will suppose, therefore, in the first Figiu'e, ACFD to be 



a physical Hay, or ^i?(7and DBF to be two mathematical Rays, 
tmjeeted from a very remote point of a luminous body through 
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an Homogeneous transparent inediuni ZZ, and DA, EB, EG, to be 
small portions of the orbicular impulses which must therefore 
cut the Kays at right angles : these Kays meeting with the plain 
surface NO of a medium that yiekls an easier transihis to the 
pix)pagatioii of light, and falling ohliquehj on it, they will in the 
medium MM be refracted towards the perpendicular of the 
surface. And because this medium is more easily trajeeted tlian 
the former by a third, therefore the point U of the orbicular 
pulse FC will be moved to H four spaces in the same time that 

the other end of it, is moved to thi*ee space.'**, therefore the 
whole refracted pulse to iZ shall lie ohliqvc to the refracted Kays 

CHKeoid air 

Although this is not in all respects successful, it represents 
a decided advance on the treatment of the same problem by 
Descartes, which rested on a mere analogy. Hooke trie 3 s b) 
determine what happens to the wave-front when it meets 
the interface between two media ; and for this end he intro- 
duces the correct princitde that the side of the wave-front 
which first meets the interface will go forward in the second 
medium with the velocity proper to tlrat medium, while the 
other side of the wave-front which is still i)i the fii-st medium 
still mo\ing with the old velocity : so tliat the wave-front 
will be deflected in the transition from one medium to the 
other. 

This deflection of the wave-front was supposed by Hooke to 
])e the origin of the prismatic coloui'S. He regarded natural or 
white light as the simplest type of disturbance, being consti- 
tuted by a simple and uniform pulse at right angles to the 
direction of propagation, and inferred that colour is generated 
by the distortion to which this disturbance is subjected in the 
process of refraction. “The Ray,”* he says, “ is dispersed, split, and 
opened by its Refraction at the Superficies of a spc 6 nd medium, 
and from a line is oj^ened into a diverging Superficies, and 
.80 obliciuated, whereby the appearances of Colours are produced.” 


Hooke, J^orkt, p. 82 . 
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“ Colour,’^ he says in another place,* “ is nothing but the 
<listiirbance of light by tlie communication of tlie pulse to other 
trails] »arent mediums, tliat is by the refraction thereof." His 
jirecise liypotliesis regarding the diflcrent colours wasf *‘that 
Blue is an impression on the lietina of an oblique and c<mfusM 
]nilse of light, whose weakest part precedes, and whose 
strongest follows. And, that red is an impression on the Retina 
of an oljlique and confusVl pidse of light, whose strongest part 
precedes, and whose weakest follows.” 

Ho<jke's theory of colour was completely overthrown, within 
a few years of its publication, by one of the earliest discoveries 
of Isaac Newton (/>. 1G42, tL 1727). Newton, who was elected 
a Fellow of Trinity College, Cambridge, in 1G67, had in the 
beginning of IGGG obtained a triangular ijrism, “ to try 
therewith the celebrated Phaenomena Jif Colours.” For this 
pui’iiose, “ having darkened my chamber, and made a small liole 
in my window-shuts, to let in a convenient quantity of the 
Sun’s light, I placed my Prisme at his entrance, that it might 
Jje tliereby refracted to the oj)posite wall. It was at first a 
very i>leasing divertisemeiit, to view the vivid and intense 
colours proiluced thereby ; but after a while applying myself to 
consider them more circumspectly, I became surprised to see 
them in an dbloiig form, which, according to the I'eceived laws 
of Refraction, I expected should have been circular” The 
length of the coloured spectrum was in fact about five times as 
great as its breadth. 

This puzzling fact he set himself to study *, and after more 
experiments the true explanation was discovered — namely, 
that orilinary white liglit is really a mixture of rays of e\’ery 
variety of colour, and that the elongation of the spectrum is 
due to the differences in the refractive power of the glass for 
these differenJb rays. 

Amidst these thoughts,” ho tells us,{ I was forced from 

* To the Royal Society, February 15, 1671-2. 

t Micrographia^ p. 64. 

X Pliil. Trans., No, 80, February 19, 1671-2. 
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Cambridge by the intervening Plague this was in 1666, and 
his memoir on the subject was not presented to the Royal 
Society until five years later. In it he propounds a theory of 
colour directly opposetl to that of Hooke. “ Colours,” he says, 
“are not Qualifications of licjht derivcil from Refractions, or 
Reflections of natural Ihxlies (as ’tis generally believed), but 
Origimtl ami connate properties, which in divem Rays are di\ ers. 
Some Riiys are dis|3osed to exhibit a red colour and no other : 
some a yellow and no other, some a green and no otlicr, ami st) 
of the rest. Xor are thei*e only Rays inopcr ami paiiiciilar to 
the mon^ eminent colours, but even to all their intermediate 
gradations. 

** To the siuue degree of Refrangibility ever belongs the 
same colour, and to the same colour ever belongs the same 
degree of Refrangiiiility.” 

“ The species of colour, ami degree of Refrangibility proper 
to any particular sort of Rays, is not mutable by Refraction, m)!* 
by Reflection from natural bodies, nor by any other cause, tliat 
I could yet observe. When any one sort of Rays hath beeiw 
well parted from those of other kiiK^s, it hath afterwards 
obstinately retaineil its colour, notwithstanding my utmost 
endeavours to change it.” 

The X)ublication of the new theory gave rise to an acute 
controversy. As might have been expected, Hooke was foremost 
among the opponents, and led the attack with some degiee of 
asperity. When it is remembered that at this time Newton 
was at the outset of his career, while Hooke was an older man, 
with an established reputation, such harshness appears par- 
ticularly ungenerous; and it is likely that the unpleasant 
consequences which followed the announcement of his first 
great discovery had much to do with the reluctance which 
Newton ever afterwards showed to publish his sesults to the 
world. 

Ifi the course of the discussion Newton found occasion to 
explain more fully the views which he entertained regarding 
the nature of light. Hooke charged him with holding the 
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doctrine that light is a material substance. Now Newton had, ae 
a matter of fact, a great dislike of the more imaginative kind of 
hypotheses; he altc^ether renounced the attempt to construct 
the universe from its foundations after the fashion of Descartes, 
and aspired to nothing more than a fonnulation of the laws 
which directly govern the actual phenomena. His theory of 
gravitation, for example, is strictly an expression of the results 
of observation, and involves no hypothesis as to the cause of the 
attraction which suijsists between ponderable bodies ; and his 
own desire in regard to r)ptic8 was to ]iresent a theory free from 
a]>(*(‘iilatioii as t<.> tlie hidden mechanism of light. Accordingly^ 
in reply to Hooke’s criticism, he protested* that his views on 
colour were in no way hound n\} with any particular conception 
of the ultimate nature of optical processes. 

Newton was, however, unable to carry out his plan of 
connectihg together the phenomena of light into a coherent 
and reasoned whole without liaving I’eeourse to hypotheses. The 
hyj)othe.sis of Ho<jke, that light consists in ’vibrations of an 
^aetlier, lie rejected for reasons which at that time were i)erfectly 
cogi‘,nt, aiul which indeed were not successfully refuted for over 
a century. One of these was the incompetence of the wave- 
therny to account for the rectilinear propagation of light, and 
another was its inability to embi’ace the facts — discovered, ae 
we shall ]n'esently see, by Huygens, and first interpreted 
correctly by Newton himself— of polarization. On the whole, 
he seems to have favoured a scheme of which the following may 
be taken as a sumiuaiyf : — 

All space is permeated by an elastic medium or aether, which 
is capable of propagating vibrations in the same way as the 

♦Phil. Trans, vii, 1672, p. oOS6. 

t Gf. NeAi'ton*s memoir in Phil. Trans, vii, 1672 ; his memoir presented to the 
Royal Society in December, 1676, which is printed in Birch, iii, p. 247; bis 
Optieks, especially Queries 18, 19, 20, 21, 23, 29; the Scholium at the end of 
the Prineipia ; and d letter to Boyle, written in February, 1678-9, which is printed 
in Horsley’s Xewtoni Opera, p. 385. 

In the Prineipia, Book 1., section xiv, the analogy between rays of light and 
streams of corpuscles is indicated ; but Newton does not commit himself to any 
theory of light based on this. 
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ail- propagates the vibrations of soiuid, but with far gre-ater 
velocity. 

This aether pervades the pores of all material-bodies, and 
is the cause of theii* cohesion ; its density \Yiries fioni one body 
to another, being greatest in the free interplanetary spaces. It 
is not necessarily a single uniform substance: but just as air 
contains aqueous vapour, so tlie aether may contain various 
“ aethereal spirits,” adapted to produce the i»henoniena of 
electricity, magnetism, and gravitation. 

The vibrations of the aether cannot, for the reasons already 
mentioned, be supposed in themselves to constitute light. 
Light is therefore taken to be ‘‘ something of a diiierent kind, 
propagated from lucid bodies. They, that will, may suppose 
it an aggregate of various peripatetic qualities. Others may 
suppose it multitudes of unimaginable small and swift 
corpuscles of various sizes, springing from shining bodies 
at great distances one after another ; but yet without any 
sensible interval of time, and continually urged forward by a 
principle of motion, which in the beginning accelerates them, 
till the resistance of the aethereal medium equals the force of 
that principle, much after the manner that bodies let fall in 
water are accelerated till the resistance of the water equals the 
force of gravity. But they, that like not this, may suppose 
light any other corporeal emanation, or any impulse or motion 
of any other medium or aethereal spirit diffused through the 
main body of aether, or what else they can imagine proper for 
tliis purpose. To avoid dispute, and make this hypothesis 
general, let every man here take his fancy ; only whatever 
light be, I suppose it consists of rays differing from one another 
in contingent circumstances, as bigness, form, or vigour.”* 

In any case, light and aether are capable of mutual inter- 
action; aether is in fact the intermediary between light and 
ponderable matter. When a ray of light meets a stratum of 
aether denser or rarer than that through which it has lately 
Ijeen passing, it is, in general, deflected from its rectilinear 
*Boyal Society, Dec. 9, 1675. 
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course ; nm] of density of the aetlier Ixitween one 

material nKjdiuni and another account on these principles for 
the reflexi(»n* and refraction of light. The condensation or 
rarefaction of the aetlier due to a material body extends to 
some little distance from the surface of the body, so that the 
inflexion due to it is really continuous, and not abrupt; and 
tliis further exjilains diffraction, which Xewton took to be 
“ only a new kind of refraction, caused, perhajis, by the 
external aether\s beginning to grow rarer a little before it 
came at the o])uke body, than it was in free spaces.** 

Although tlie regular vibrations of Newton’s aether were not 
supposed to constitute light, its irregular turbulence seems to 
liave represented fairly closely his conception of lieat. He 
su])posed that when light is absorbed by a material body, 
vibrations are set up in the aether, and are recognizable as 
the h(?at wliicli is always generated in such cases. The 
conduction of heat from hot bodies to contiguous cold ones lie 
conceived to be effected by vibrations of the aether propagated 
between them ; and he supposed that it is the violent agitation 
of aethereal motions which excites incandescent substances to 
»emit light. 

Assuming with Newton that light is not actually con- 
.stituted by the vibrations of an aether, even though such 
vibrations may exist in close connexion with it, the most 
definite and easily conceived supposition is that rays of light 
are streams of corpuscles emitted by luminous bodies. Although 
this was not the hypothesis of Descartes himself, it was so 
thoroughly akin to his general scheme that the scientific men 
of Newton’s generation, who were for the most part deeply 
imbued with the Cartesian philosophy, instinctively selected 
it from the wide choice of hypotheses which Newton had offered 
them ; and liy later writei*s it was generally associated with 
Newton’s name. A curious argument in its favour was drawn 
from a phenomenon which had then lieen known for nearly half 
a century : Vincenzo Cascariolo, a shoemaker of Bologna, had 
xliscovered, about 16 d 0 , that a substance, which afterwards 

C 2 
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received the name of Utioyna ^onc or Bologna phosjthorm* has 
the property of shining in the dark after it lias been exposed 
for some time to sunlight ; and tlm stoingc of ‘light which 
seemetl to be hei-e involved was more easily explicable on the 
corimscular theory than on any other. The evidence in 
this quarter, however, poititcd the other way when it was 
found that phosphorescent sulistances <lo not neces-sarily emit 
the same kind of light as tliat which was used to stiinnlati* 
them. 

In ittconlanee with his earliest discovery. Xewton eoiisidem 
colour to be an inherent charaeteristie of light, and inferred 
that it must k* a.ssoeialed with .some definitt* tpiality of the 
corpuscles or aecher-vil nations. The corpuscles corresponding 
to ditterent colours would, he ivmarketl, like .sonoroii.s bo<li(‘.s of 
difterent pitch, excite vibrations of diirorent types in tiie 
aether; ami '• if by any means those [aether- vibration.s] of 
unequal bignesses lie separated from one another, the largest 
beget a Sensation of a colour, the least or shortest of a 
deep Viofd, and the intenne<liate ones, of intennodiate colours \ 
much after the iiiauner that bodies, according to their seve‘ral 
sizes, shapes, am I mol ions, excite vibrations in tlie Air of various 
bignesses, which, according to those bignesses, make several 
• Tones in Sound/’* 

This sentence is tlie first enunciation of the great principle 
that homogeneous light is essentially perMic in its nature, and 
that differences of period correspond to difterences of colour. 
The analogy with Sound is obvious ; and it may be remarked 
in passing that Newton’s theory of periodic vibrations in an 
elastic me<liuiu, which he develoi>edt in connexion witli tlio 
explanation of Sound, would alone entitle him to a place among 
those who have exercised the greatest influence on the th(?ory 
of light, even if he had made no direct contribution to the 
latter subject. 

* Phil. Trans, vii (1672), p. 5088. 

t Newton* s Prineipia, Kook ii., Props. xliii.-J. 
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JTewton devoted considerable attention to the colours of 
thin plates, and determined the empirical laws of the 
phenomena With great accuracy. In order to explain them, he 
supposed that every ray of light, in its passage through any 
refracting surface, is put into a certain transient constitution or 
state, which, in the progress of the ray, returns at equal 
intervals, and disposes the ray, at every return, to be easily 
transmitted througli the next refracting surface, and, }>etween 
the returns, to be easily reflected by it.”* The interval 
between two consecutive <lisjK)sitions to easy transmission, or 
“ lengtli of fit,” lie supposed to depend on the colour, being 
greatest for red light and least for violet. If then a ray of 
honi(»geneous light falls on a thin plate, its fortunes as regards 
transmission and reflexion at the two surfaces will depend on 
the lelation which the length of fit bears to the thickness of 
the jdate ; and on this basis he built up a theory of the colours 
of thin plates. It is evident tliat Xewton’s “length of fit” 
corresponds in some measure to the quantity which in the 
lindulatory theory is called the wave-length of the light ; but 
the siqipositions of e^my transmission and reflexion were soon 
found inadeciuate to explain all Newton’s experimental results — 
at least without making other and more complicated additional 
assumptions. 

At the time of the publication of Hooke’s Micrographia^ and 
Newton’s theory of colours, it was not known whether light 
is prcjpagated instantaneously or not. An attempt to settle 
the ({uestion experimentally had been made many years 
previously by Galileo, f. who had stationed two men with 
lanterns at a- considerable distance from each other; one of 
tliem was directed* to observe when the other uncovered his 
light, and exhibit his own the moment he perceived it. But 
the interval of time required by the light for its journey was 
loo small to be perceived in this way ; and the discovery was 

* Optieks, Book ii., Prop. 12. 

t Ifiscorsi e dimoatrazioni matemaliehe^ p, 43 of the Elzevir edition of 1638. 
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ultimately ni;uk‘ by an astnmnimT. It was obst^ vecl in IGT" 
by Olof Ivntnuor* (?>. tG44» </. 1710) that the eelipsrs nl* tlie fiisl 
siitellites of Jupiter were apparently alVeoted by rtn unknown 
disturbing cause; the time of tlie occnnenee of the [»henonieno!i 
was retarded when the earth anil Jupitt‘r, in the i^unse of their 
orbital motions, liappened to most remote from each othm^ 
and accelerated in the contrary ease, lloeiner e.\plaineil this 
by supiKKsing that light requires a finite time for its pro- 
pagation from the satellite to the earth ; ami by observations of 
eclipses, he calculated tlie interval required for its passage from 
the sun to the earth (the lu^hUtgivation^ as it is called) to he 
11 minutes-f 

Shortly after Eoemer’s discovery, the wave-theory of light 
was greatly improved and extendeil by Chriatiiian Huygens 
(h. 1629, d, 1695). Huygens, who at tlie time was living in 
Paris, communicated his results in 1678 to Cassini, Koemev, 
Do la Hire, and the other physicists of the French Aciidemy, 
ami prepai^d a manuscript of consideralJe length on the subject. 
This he juoposed to translate into Ditin, and to publish in thaf 
language together with a treati.'^e on tlu; Optics of Telescopies : 
but tlie work of tiiinslation making little progress, after a delay 
of twelve years, be deciileil to juint the work on W 7 ivc-theoiy 
in its original fonii. In 1G90 it ap]H^ared at Loyilen,J under 
the title Trait e dc tn Ivmlerr oit soiit (M.ptiqoecs im cavsrs dr. ve 
qvi hiy arrive dons (o r(^jiexion et dans to r^frotiimi, Kti^orti^ 


♦ Mem. de 1’ Acad. x. (1666-1699), p. .576. 

t It was soon recognised that Roemer’s value was too large ; and the 
astronomers of the succeeding half>eenturjr reduced it to 7 miniitos. Delambre, 
by an investigation whose details appear to have been completely destroyed, 
published in 1817 the value 403*2*, from a discussion of eclipses of Jupiter's 
satellites during the previous 160 years. Glasenapp, in an inaugural dissertation 
published in 1876» discussed the eclipses of the first satellite between 1848 and 
1870, and derived, by different assumptions, values between 496* and 601*, the 
most probable value being 600*8*. Sampson, in 1909, derived 498*64* from liis 
own readings of the Harvard ObservaUons, and 498*79* from the Harvard readings, 
with probable errors of about ± 0 02". The inequalities of Jupiter’s surface give 
rise to some difficulty in exact determinations. 

X Huygens bad by this time returned to Holland. 
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cMirvrnnrnt fhinn VHirn^vjp. refraction du crintal d'Islande. Par 
CMD,Z!^ 

'I'ho truth (it llooke*s hy])othesis, that light is essentially a 
form of motion, seemed ta Huygens to lie proved by the effects 
ohsorved with luirning-glusses ; for in the combustion induced at 
the focus of the glass, the molecules of bodies are dissociated; 
which, as lie remarked, must be taken as a certain sign of motion, 
if, in conformity to the Cartesian philosophy, we seek the cause 
of all natural phenomena in purely mechanical actions. 

The question then arises as to whether the motion is that 
of a medium, as is supposed in Hooke’s theory, or whether it 
may be compared rather to that of a flight of arrows, as in the 
corpuscular theory. Huygens decided that the former alter- 
native is the only tenable one, since teams of light proceeding 
in directions inclined to each other do not interfere with each 
other ill any way. 

Moreover, it had previously been shown by Torricelli that 
light is transmitted as readily through a vacuum as through 
^ir ; and from this Huygens inferred that the medium or aether 
in which the propagation takes place must penetmte all matter, 
and he present even in all so-called vacua. 

The process of wave-propagation he discussed by aid of a 
principle which was nowt introduced for the first time, and has 
since been generally known by hLs name. It may be stated 
thus : Consider a wave-front, J or locus of disturbance, as it 
exists at a definite instant : then each surface-element of the 
wave-front may be regarded as the source of a secondary wave, 
which in a homogeneous isotropic medium will be propagated 
outwards from the surface-element in the form of a sphere 
whose radius at any subsequent instant t is proportional to 
5 wave-front which represents the whole distur- 

* i.e. Chiistlman Hiiygeos do Ziiylichem. The custom of indicating names by 
initials was not unusual in that age. 

t Traits de la lum*, p. 17. 

X It may be remarked that Huygens’ ** waves ” are really what modem writers, 
following Hooke, call “pulses”; Huygens never considered true wave-trains 
having the property of periodicity. 
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Iwnce at the instant t is 8ini]»ly the onveloiie of tho sivoiHiarv 
waves which arise from the various surface elements of tlu^ 
migmal wave-front.* The intmluction of tliis priii'-'iple euahled 
Huygens to succeed wheiv Hmiko and other < onteiiijiorarv 
wave-tlawistsf had failed, in achieving the exi>Iauation of 
refraction and rellexion. His method was to com I line his (twn 
principle with Hooke’s d(*vico of following separately the fortunes 
of the right-hand and left-hmnl sides of a wave-front when it 
reaches the interface lattweett two media. The actual e\}ilana- 
tioii for the ca.se of reflexion is as follow.s : — 

Let AB repi^seut the interface at which reflexion takes 
place, AHC the incident wave-frent at an instant 0MB the 
position which the wave-front would occupy at a later instant t 
if the propagation were not interrupted by reflexion. Then by 



Huygens’ principle the secondary wave from A is at the instant 
t a sphere BNS of radius equal to AG : the disturbance from H, 
after meeting the interface at K, will generate a secondaiy 
wave TV oi radius equal to KM, and similarly the secondary 
wave corresponding to any other element of the original wave- 

* The juitifliation for thU wbi given long after varde by Fieenel, Anmbt d» 
ehimUf zsi. 

t e.g. Ignace Gatton Pardiea and Pierre Ango, the latter of whom published 
a work on Optics at Paris'in 1682. 
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front cun he foiiiid. It is ol)vioiis that the envelope of these 
secondary waves, which constitutes the final wave-front, will be 
a plane //A^whicli will he inclined to AB at the same angle as 
AL\ This gives the law of reflexion. 

File law of refraction is established by similar reasoning, 
on th(^ sui>i)ositiou that the velocity of light dei»ends on the 
me<liuni in wliich it is j»ro])agated. Since a ray which passes 
from air to glass is bent inwards towards the normal, it maybe 
inferred that light travels more slowly in glass than in air. 

Huygens offered a j)hysical explanation of the variation in 
velocity of light from one medium to another, by supposing 
that transparent bodies consist of hard particles which interact 
with the aethereal matter, modifying its elasticity. The 
opacity of metals he explained by an extension of the same 
idea, supposing that some of the particles of metals are hard 
(these account for reflexion) and the rest soft : the latter destroy 
the luminous motion by damping it. 

The second half of the TMoriede la lumih^e is concerned with 
phenomenon which had lieen discovered a few years pre- 
viously by a Danish i)iiilosoj>her, Enismus Bartholin (&. 1G25, 
d, 1698). A sailor had brought from Iceland to Copenhagen a 
number of beautiful crystals which he had collected in the Bay 
of Koerford. Bartholin, into whose hands they passed, noticed* 
that any small object viewed through one of these crystals 
api)earetl double, and found the immediate cause of this in the 
fact that a ray of light entering the crystal gave rise in general 
to lev refracted rays. One of these rays was subject to the 
ordinary law of refraction, while the other, \vhich was called 
tlie extraordinary ray, obeyed a diflerent law, which Bartlioliii 
did not succeed in determining. 

The ihatter had arrived at this stage when it was taken up 
by Huygens. Since in his conception each my of light cori-esponds 
to the propagation of a wave-front, tlie two rays in Iceland 
spar must correspond to two different wave-fronts propagated 

* Experiineuta criatalli Ulattdici ditdiachatiei : 1669 . 
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simultrtiu'ously. In this iiloa lu' fouiul no (tillifulty ; as h*- says : 
“It is pertain that a si»ace occupied hy more than one hind of 
matter may permit the propagation of several kiitds of waves, 
different in vchK-ity: for this a(!tually happens in air mixed 
with aethereal matter, where .sound-wavt*s and light-waves are 
propagatei I toget h er.” 

Accordingly he supposeil that a light-distnrham e gencjaled 
at any spot within a crystal of Iceland spar spivads out in tin' 
form of a wave-surface, comjhm'd of a .sphere ami a s[iheroid 
having the origin «)f ilisturlKinee as centjv. The spherical wave- 
front cormiamds to the oixlinary ray, and the spheroid to the 
extraordinary ray ; and the direction in which the extraordinary 
ray is refracted may he determined hy a geometrical construc- 
tion, in which the spheroid takes the place which in the 
ordinary construction is taken hy the sphere. 

Thus, let the plane of the figure be at riglit angles to the 
' intersection of the wave-front with the surface of the crystal ; 
let AB represent the trace of the incident wave-frtmt ; and 
suppose that in unit time the disturl)ance from B reaches thw 
interfa(;e at T. In this unit-intei*val of time the di-sturhance 
from A will have spread out within the crj’stal into a sphere 
and spheroid : so the wave-front corresponding to the 



ordinary ray will be the tangent-plane to the Sphere through 
the line whose trace is T, while the wave-front corresponding 
to the extraordinary ray will Ije the tangent-plane to the 
spheroid through the same line. The points of contact N 
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and J/ will dntorinine the directions AN and AM of the two 
rofneded rays* within the crystal 

] I uyf^^Mis’did not in tlie Th^orie de ht h/mierc attempt a detailffd 
j>h}>ical (*\'planation of the spheroidal wave, Init comrnunieate(l 
one later in a letter to Papin, t writtcMi in December, 1690. As 
to ihe kinds of matter contained in Iceland crystal,*’ he says, 

I suppose one composed of small s]>heroids, and another which 
oeciipi(\s the interspa.e(*s around these spheroids, and which serves 
to hind tluuu together. Besides these, there is the matter of 
atdher permeating all the crystal, both between and wdthiii the 
parcels of the two kinds of matter just mentioned ; for I suppose 
both the little spheroids, and the matter which occupies the 
intervals around them, to Ije composed of small fixed particles, 
amongst which are diffused in i^erjjetual motion the still finer 
particles of the aether. There is now' no reason why the 
ordinary ray in the crystal should not 1)6 due to waves propa- 
gated in this aethereal matter. To account for the extraordinary 
refraction, I conceive another kind of waves, which have for 
vehicle both the aethereal matter and the two other kinds of 
matter constituting tha crystal Of these latter, I suppose that 
the matter of the small spheroids transmits the waves a little 
more quickly than the aethereal matter, while that around the 
spheroids transmits these waves a little more slowly than the 
same aethereal matter. . . • These same w'aves, w'hen they tmvel 
in tlu' direction of the bi'eadth of the spheroids, meet with 
more of the matter of the spheroids, or at least piiss w ith less 
obstruction, and so aie propagated a little more quickly in this 
sense than in the other ; thus the light-disturbance is proimgated 
as a spheroidal sheet.” 

Huygens made another diseoveryj of capital importance when 

♦ The word ray in the wave-theory is always applied to the line which goes 
from the centre \>f ^ w^ave (i.e. the origin of the disturbance) to a point on its 
surface, whatever may be the inclination of this line to the siii face-element on 
which it abuts ; for this line has the optical properties of the “ rays of the 
emission theory. 

t Huygens* (EttvreSf ed. 190o, x., p. 177. 

J Thcorie (fg fa /ttmiSrr, p. 89. 
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cxiterimentinj,^ with tl»o kolaiul trvstal. He ulist'nr-d tlml llie 
t\vi> iiiys which are obtaimul hy the iIduIiIo refiaciioii of a siuglo 
V!\y afterwimls hehavo in u way (liHereut fnau onlmary liglit 
which has not ex]>erioucot.l ilouhle refraction; ami in |iaiticiilar, 
if one of these rays is iiiculent <»n a second crystal of Iceland 
si«r, it gives rise in some eircnmstances to two. and in othms 
to only <tnc, refracted ray. The lehavionr of the tay at thi.s 
sis'ond refraction can he altered hy simply rotating llie second 
crystal {ihout the direction of the ray a.s a.\is; tlie ray umler- 
going the ordinary or extraordinary rtd'raction according as the 
{irincijttl se«-tii»n of the (-rystal is in a emtain direction or in the 
direction at right angles to this. 

The first stage in the exidanation of Huygens’ ol>servation 
wivs reached hy Newton, who in 1717 showed* that a ray 
obtained by double refraction ditter.s fr»)m a ray of ordinary 
light in the same way that a long rod wimse cross-stetion is a 
rectangle differs from a long rial whose eross-sec-tion is a circle : 
in other wor«ls, the properties of u ray of ordinary light are the 
same with.i'ei!H)ect to all directions at right angles to its direction* 
of pro{)agation, whereas a ray obtained hy «louble refraction 
must l>e supposed to have sides, or properties related to special 
directions at right angles to its own direction. The refraction 
of such a ray at the surface of a cry.stal dei)ends on the relation 
of its sides to the princii>al plane of the crystal. 

That a ray of light should jwssess such projierties s»3eme<l to 
Ne%vtont an insuperable objection to the hypothesis which 
regarded waves of light as analogous to waves of sound. On 
this jsnnt he was in the right : his libjeetioiis are perfectly 
valid aguiitst the wave-theoiy as it was understood hy his 
contemporaries*, although not against the theory’! which was put 
forward a century later by Young and Yresnel. 

• 

* The second edition Of Newton’s Optiekt, Query 26. t Optioka^ Query 28. 

i In which the oscillations arc performed in the direction in which the wave 
advances. 

{ In which the oscillations are performed in a direction ut right angles to that 
in which the wave ii'lvunces. 
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KT,K< CKIC AND MACXEIIC SCIKNXE I’ltlOU TO THE IXTUODfCTIOy 
OK THE I’OTESTIALS. 

The luagm-lic discoveries of reivgriims aijil Gilbert, and the 
voi iex-hyimthesis by which Descartes bail attempted to explain 
them,* had riu.s<‘d magnetism to the rank of a separate science 
by the middh' of the seventeenth century. The kindred .science 
of electricity wa.s at that time in a less developed state; but it 
had been considerably a<lvuueed by Gilbert, whose researches in 
this direction will now be noticed. 

F<tr two thousand years the attmctive jwwer of ainl^er had 
been leganled as a virtue peculiar to that substance, or possessed 
by at most one or two others. Gilbert provedf this view to be 
jpistaken, showing that the same eflects are inducetl by friction 
in <iuite a large class ^of bodies; among which he mentioned 
glass, sulphur, sealing-wax, and various precious stones. 

A force which was manifested by so many diflerent kinds of 
matter seenicil to need a name of its own; and accordingly 
Gilbert gave to it the name elect rie, which it has ever since 
retained. 

Uetween the magnetic and electric forees Gilbert remarked 
many distinctions. The lodestone requires no stimulus of friction 
such as is needed to stir glass ami sulphur into activity. 
The lotlestone attracts only magnetizable sulwtances, wher-eas 
electrified bodies attract everj-thing. The magnetic attraction 
between two Iwdies is not affected by inter-posing a sheet of 
paper, or a lip^n cloth, or by immersing the bodies in water ; 
whoi-eaa the elebtric attraction is readily destroyed by screens. 
Lastly, the magnetic foi-ce tends to arrange Irodies in definite 

it. pp 7.9, t De Jfrr,;tietrf lib. ii., cap. 2. 



30 


£/ty/nc ti/it/ Sdv//c' 

4>rieiitatums ; whilo tho ekH^trii* fuiw iiunrly tends in iieap Ifieiu 
together in shapeless elusters. 

These faels a])j»eared In (Jilhert lt» imlicate ih it eU*( tri(' 
jdienoinena are tine tn something of a maiiTial nalurt‘, which 
under the intlueiur t»f tVietion is liherateil from tho glass m 
umher in wliieh luuler ortlinary circumstances it is imprisoned. 
In snj»p*irt of this view he adtluced evitleiict' from idher tjuarters. 
r>eing a }>hysician. he was well act|nainteil with the dtx lrim* 
that the hnmau body t‘oniains varitais hunnaiis oi kinds of 
mtasture — phk'gm, hhnul, (‘htder, ami melaiiclndy, — which, as 
they predtaainatetl, wortf suppttsed to d(*t»'nnine the temper of 
miml: ami wlien he td>served that eleciriliahle ImkIu's were 
almost all hard and IransjKivent, and iherefort* (acctmling l<» tlie 
ideas that time) fmnied hy the cons<didation of watmy li({iiids, 
he concluded that the common menstruum of these liquids must 
l>e a ptirticular kind of Inunour, to the possession of whicdi the 
electrical properties of IkkUcs were to l)e referred. Friction 
might he supjKised to warm or otherwise excite or lilwratc the 
humour, which wotiUl then issue from the hmly as an elUuviiun 
and form an atmosphere around it. pie effluvium must, he 
remarked, \ye very attenuated, fur its emission cannot be detected 
by the senses. 

The existence of an atmosphere of effluvia round every 
electrified bcwly might indeed have l)een inferml, according to 
Gilliert’s ideas, from the single fact of elc*ctric attraction. For 
he l)elieved that matter cannot act where it is not ; and hence 
if a lx)dy acts on all sunouiuling objects without appearing to 
touch them, something must have prex^eeded out of it unseen. 

The whole phenomenon appeared to him to l»c analogous to 
the attraction which is exercised hy the earth on falling bodies. 
For in the latter case he conceived of the atmospheric air as tho 
effluvium by which the earth draws all things ^lown wards to 
itself. * 

Gilbert's theory of electrical emanations commended itself 
generally to such of the natural philosophers of the seventeenth 
century as were interested in the 8ul)ject ; among whom were 
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lainiiMnvd Xi(*col(» Cnhi^n (/>. |ri85, (L IGoO), an italiaii Jt^sllit 
\vli<» was ]Mn‘ha)>s the lii*st to observe that electrified bodies re}>el 
as \V'‘I1 as nttraet ; tla* Ku^lisb I'oyalist exile, Sir Koiieliii 
Di^^bv (/;. lG0:b //. lOGo); and the celebrated lloiiert JVjyle 
{h. Ib27, KilU). Tli<*re \ven% bo\ve\(M-, some differences of 
oiani«»n as to the manner in which the etHuvia acted on the small 
I)odies ami set them in nmtion towards tlie excited electric; 
(lillMM t hini.s(di‘ had siiji]»<»s<‘d the (mianations to have* an inherent 
lend«-m y to re\niion with the jiarent body ; Digby likened their 
rein in to tlie (condensation of a vajiour )>y (,'ooling: and other 
wiilers ]>ietiired the eflluvia as forming vortices round tlie 
attracual bodies in the C. artesian fashion. 

There is a well-known allusion to (Gilbert’s hyp(»thesi.s in 
X (*wt(m’s 

Let him also tell me, how an electriek Ixxly can by friction 
emit an exhalation so rare and subtlest and yet so potent, as by 
its emission to cause no sensible diminution of the weight of the 
electriek body, and to be expanded through a sphere, whose 
i^jameter is above two feet, and yet to be able to agitate and 
carry up leaf copper, or^leaf gold, at a distance of above a foot 
from the electriek body?” 

It is, perhaps, somewhat surprising that the Xewtonian 
doctrine of gravitation should not have proved a severe blow to 
the emanation theory of electricity; hut Gilbert’s doctrine was 
now so firmly established as to be unshaken by the overthrow 
of the analogy by which it had been originally justified. It was, 
however, modified in one paiticuhu’ about the beginning of the 
eighteenth century. In order to account fur the fact that 
electrics are not perceptibly wasted away by excitement, the 
earlier writei-s liad supjiosed all the emanations to return 
ultimately to the body which had emitted them; but the 
corpuscular theory of light accustomed philosophers to the 
idea of emissions* so subtle as to cause no pei-ceptible loss ; and 

♦ Query 22. 

t ** Subtlety,*’ says Johnson, ** which in ifs original import means exility 
particles, is taken in its metaphorical meaning for nicety of distinction.*’ 
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after the time of Newton the doctrine of the return o^ the 
electric effluvia gnulually lost credit 

Newton died in 1727. Of the exposiiioiis of Ws philosophy 
which were publishetl in liis lifetime by his followei’s, one at 
least deserves to Ik' noticed for the sake of tlie insight which 
it aftbrds into the state of opinion regarding light, heat, and 
electricity in the fii'st lialf of the eighteeiitli century, Tliis was 
the Th>jsici'S dtrtmtdo mathematim t^onji'nnuta of 

Wilhelm Jacob s’Gravesiiude {Ik 16tS8, (L 1742), published at 
Leyden in 1720. The Latin etiition was afterwanls reprinted 
several times, and was, moreover, translated into Frencli and 
English : it seems t‘> have exerci.sed a eonsitlerable and, on the 
whole, wellnleserved iiiHuence on contemporary thouglit. 

s Gravesaude s\ipposed light to consist in the projection of 
corpuscles from luminous bodies to tlie ey<*; the nu»tion I>cing 
very swift, as is .shown hy asir<»noini(*al ohservations. Since 
many b^xlies, e.g. the metals, 1>ecome luminous wlion they are 
heated, he inferroil that every substance pos.sosses a natural 
store of eorpiisck‘s, which are expelled when it is heated ^o 
incamlescence ; coinersely, corpuscles may become united to a 
material body ; as happens, for instance, when the body is exposctl 
.to the rays of a fire. Moreover, since the lieat thus acquired is 
readily conducted throughout the substance of the body, he 
concluded that corpuscles can penetrate all substances, however 
hard and dense they be. 

Let us here recfill the ideas then current regarding the 
nature of material Ixxlies. From the time of Boyle (1626-1691) 
it had been recognized generally that Bul>stances perceptible to 
the senses may l>e either elements or eompouiuls or misriures ; 
the compounds being chemical individuals, distinct from mere 
mixtures of elements. But the substances at that time accepted 
as elements were very different from those which §ire now known 
by the name. Air and the calces* of the metAls figured in the 
list, while almost all the chemical elements now recognized were 


♦ i.e. oxidefl. 
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omitted from it ; some of them, such as oxygen and hydro^h^ 
because they were as yet undiscovered, and others, such as the 
metals, because they were believed to be compounds. 

Among the chemical elements, it became customary after 
the time of Newton to include light-corpuscles.* That some- 
thing which is confessedly imponderable should ever have been 
admitted into this class may at first sight seem surprising. But 
it must be rememl)ered that questions of ponderability counted 
for very little with the philosophers of the period. Three- 
quarters of the eighteenth century had passed before Lavoisier 
enunciated the fundamental doctrine that the total weight of 
the sul)stances concerned in a chemical reaction is the same 
after the reaction as before it. As soon as this principle came 
to be universally ajqdied, light parted company from the true 
elements in the scheme of chemistry. 

"We must now consider the views whicli were held at this 
time regarding the nature of heat. These are of interest for our 
present purpose, on account of the analogies which were set up 
1 between heat and electricity. 

The various conceptions which have been entertained 
concerning heat fall into one or other of two classes, according as 
heat is represented as a mere condition producible in bodies, or 
as a distinct species of matter. The former view, which is that 
universally held at the present day, was advocated by the gr^at 
philosophers of the seventeenth century. Bacon maintained it in 
tlie Novum Onjitmuu : “ Calor,” he wrote, “ est motus expansi^is, 
coliibitus, et nitens per partes minores.”t BoyleJ affirmed that 
the “ Nature of Heat ” consists in “ a various, vehement, and 
intestine commotion of the Barts among themselves.’’ Hooke§ 
declared that “ Heat is a property of a body arising from the 

motion or agitation of its parts.’' And Newton|| asked : “ l)o not 

• 

* Newton himself (Oplieka^ p. 349) suspected that light -corpuscles and 
poiidernble matter might be transmuted into each other : much later, Boscovich 
(Theoria^ pp. 215, 217) regarded the matter of light as a principle or element in 
the constitution of natural bodies. 

t Orff,. Lib. ii., Aphor. xx. t Mechanical Production of Sent and Cold, 

^ Microffraphia. p. 37. || OptWks, 

D 
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all 6xed Bodies, when heated l^eyond a certein emit 

light and shine ; an<l is not this Emission j)erfoiiiuMl by the 
vibrating Motion of their Parts ? '* and, moreover, suggested the 
converse of this, namely, that when light is absorbed by a 
material body, vibrations are set up which are i>erceived by the 
senses as heat. 

The doi^trine that heat is a material substance was main- 
tained in Newton s lifetime by a certain scliool of chemists. The 
most conspicuous memlier of the scliool was Willielm Homkng 
(6. 1652, «/. 1715) of Paris, who"* identified heat and light with the 
mtlphunom pnntipl*\ whicli he siijiposed to be one of the primary 
ingredients of all l»odies, and to lx? present eAen in tlie intor- 
plauetarj' spaces. Between this view and that of Newton it 
might at fit's! sefun as if nothing but sbarj) oi>p<jHiticm was to be 
exjxieted.f Piut a few years later the jaofessed exponents of the 
Prinripia and the Optieks liegan to ileveloj) their system under 
the evident influence of Homl>erg’s writings. This involution 
may easily l>e traced in s’Gravesande, whose starting-point is 
the admittedly Newtonian idea that heat bears to light ?i 
relation similar to that which a state ob turmoil l)ears to regular 
rectilinear motion ; whence, conceiving light as a projection of 
•corpuscles, he infers that in a hot body the material particles 
and the light-coiT[niscles^ are in a state of agitation, which 
becomes more violent as the body is more intensely heated. 

s'Gravesaiide thus holds a position between the two opposite 
camps. On the one hand he interprets heat as a mode of 
motion ; but on the other he associates it with the presence of 
a particular kind of matter, which he further identifies with the 
matter of light. After this the materialistic hypothesis made 

♦Mem. deVAcad., 1705, p. 88. 

t Though it reminds us of a curious conjecture of Newton’s: not the 

strength and vigour of the action between light and sulphureous bodies one reason 
wliy sulphureous bodies take fire more readily and burn more vehemently than 
other bodies dof** 

X 1 have thought it best to translate s’Gravesande’s tynis by light-corpuscles.** 
This is, I think, fully justified by such of his statements as Qmndo ignis per 
lineaa reelas oeiUoe metros intrat, ex moiu quern Jibrie in /undo oeuli eommunicat 
ideam luminia exeitut. 
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rapid progress. It was frankly advocated by another memljer 
of the Dutch school, Hermann Boerhaave* * * § (5. 1668, d, 1788), 
Professor in the University of Leyden, whose treatise on 
chemistry was translated into English in 1727. 

Somewhat later it was found that the heating effects of the 
rays from incandescent bodies may be separated from their 
luminous effects by passing tlie rays through a plate of glass, 
which transmits the light, but absorbs the heat. After this 
discovery it was no longer possible to identify the matter of heat 
with tlie corpuscles of light ; and the former was consequently 
accepted as a distinct element, under the name of caloric.f In 
the latter part of the eigiiteeiith and early part of the nineteenth 
centuriesj caloric was generally conceived as occupying the 
interstices between tlie i»articles of ponderable matter — an idea 
which fitted in well with the (ibservation that bodies commonly 
expaml wlien the}’ are absorbing heat, but which was less Com- 
lK?tent to ex})laiu the fact§ that water exiiaiuls when freezing. 
The latter difficulty was overcome by supposing the union 
k^tween a body and tlie caloric absorbed in the process of 
melting to be of a clieinical nature; so that the consequent 
changes in volume would be beyond the possibility of prediction. 

^Vs we have already remarked, the imponderability of heat 
did laitaiipear to the philosophers of the eigliteenth century to 
be a sufficient reason for excluding it from the list of chemical 
elements ; and in any case there was considerable doubt as to 
whether caloric was ponderable or not. Some exjierinientera 
believed that bodies were heavier* when cold than when hot; 
others that they were hea^•ier when hot than when cold. The 
century was far ailvanced befoitj Divoisier and Rumford finally 

* Boerhaave followed Hooiberg in supposing the matter of heat to be present in 
all so-called vacuous spaces. 

t Schecle in 1777 jupposed caloric to be a compound of oxygen and phlogiston, 
and light to be oxygen combined with n greater proportion of phlogiston. 

X In spite of the experiments of Benjamin Thompson, Count Rumford {b, 1753, 
4. 1814), in the closing years of the eighteenUi century. These should have 
sufficed to re-establish the older conception of heat. 

§ Thii had been known since the time of Boyle. 

D 2 
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proved that the temperature^ of a Inwly ia without sensible 
influence on its weight. 

Perhaiis nothing in tlie history of natural philosopliy is more 
amazing than the vicissitudes of the theory of heat. The true 
hyix>thesis, after having met with geiunal acceptance throughout 
a century, and having been approved by a succession of illus- 
trious men, was delil»emtely abandoned by their siucessoi-s 
in favour of a eoneepti»)n utterly false, and, in some of its 
developments, gn»tes(pie and absiinl. 

We must now return to s't.Jravosandes book. The pheno- 
mena of combustion he t\\*piaine<l by assuming that when a body 
is sufliciently heatetl the Ught-coipnseles interact with the 
material particles, some constituents being in consecpionet* sc'jwi- 
rated and carried away with the coipiiscles as Hame and sniokt*. 
This view harmonizes with the tiu‘ory of calcination whi(;h bad 
been* developctl by 1 lecher and his ptipil Stahl at the end of the 
seventeenth century, according to whi(;h the metals were sup- 
posed to bo composed of their calces and an element iMotjufim. 
The process of combustion, by which a metal is changed into itii 
calx, was interpreted as a deeomi>ositioiudn which the phlogiston 
separated from tlie metal and escajied into the atmosjdiere ; 
while the conversion of the calx into the metal was regarded as 
a union with phlogiston * 

sXJrravesande attributed electric effects to vibrations induced 
in effluvia, whicli he supposed to he permanently attached to 
such bodies as am])er. “ Glass,” he asserted, “contains in it, and 
has about its surfac;e, a certain atmosphere, which is excited hy 
Friction and put into a vibratory motion ; for it attracts and 

♦ The correct idea of combustion had been advanced by Hooke. The disso- 
lution of inflammable bodies,” he asserts in the Miero^raphia, ” is performed by a 
substance inherent in and mixed with the air, that is like, if not the very same 
with, that which is fixed in saltpetre.” But this statement met with little favour 
at the time, and the doctrine of the compound nature of metals survived in full 
vigour until the discoveiy of oxygen by Priestley and Scheele in 1771-5. In 1775 
T^voit«icr reaiflrmed Hooke’s principle that a metallic calx is not the metal minus 
phlogiston, but the metal plus oxygen; and this idea, which carried M'ith it the 
recognition of thu elementary nature of metals, was generally accepted by the end 
of the eighteenth century. 
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repels light Bodies. Tlie smallest parts of the glass are agitated 
by the Attrition, and by reason of their elasticity, their motion is 
vibratory, which is communicated to the Atmosphere above- 
mentioned : and therefore that Atmosphere exerts its action the 
further, tlie greater agitation the Parts of the Ghiss receive when 
a greater attrition is given to the glass.” 

The English translator of s’Gravesande’s work was himself 
destined to play a consi<lerable j>art in the history of electrical 
science. Jean Theophile Desagiiliers Qj. 168^3, d. 1744) was an 
Englishman only by adoption. His father had been a Huguenot 
pastor, who, escaping frf>ni France after the revocation of the Edict 
of Nantes, brought away the lM»y from La Itochelle, concealed, it is 
said, in a tub. The young Desaguliers was afterwards ordained, 
anti became cliai>lain to that Duke of Chandos who was so 
ungratefully ridiculed by 1*o|k», In this situation he formed 
friendships with some of the natural philosophers of the capital, 
and amongst otliers with Stejdien Gray, an experimenter of 
whom little is known* beyoiul the fact that he w’as a j)ensioner 
•f the Charterhouse. 

In 17129 Gray comnumicated, as he says,t “ to Dr. Desaguliei's 
and some other Gentlemen ” a discovery he had lately made, 
“ showing that tlie Electrick Yertue a Glass Tube may be 
conveyed to any other Bodies so as to give them the same 
Property of attracting and repelling light Bodies iis the Tube 
does, wdien excited by rubbing : and that this attractive Yertue 
might be carried to Bodies that were many Feet distant from 
the Tube.” 

This was a result of the greatest importance, for previous 
workers had known of no otlier way of producing the attractive 
emanations than by rubbing the body concenied.J It was found 

• Those who jre interested in the literary history of the eighteenth century will 
recall the controversy as to whether the verses on tlie death of Stephen Gray were 
written by Anna AVilliams, w'hose name they bore, or by her patron Johnson. 

j* Phil. Trans, xxxvii (1731), pp. 18, 227, 285, 397. 

X Otto von Guericke (5. 1602, A, 1686} had, as a matter of fact, observed the 
conduction of electricity along a linen thread ; but this experiment does not seem 
to have been followed up. CL JCxperimenta mva magdifbw'^icaf 1672. 
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that only a limited class of suhstaiicos, among which the motals 
were conspicuous, had the caimcity of acting as channels for the 
transport of the electric power; to these Pesaguliei’s, who con- 
tinued the exi)erinients after Gray's death in 17>^6, gave* the 
name non-elcctrks or condudom. 

After Gray’s discovery it was no longer possible to believe 
that the electric effluvia are inseparably connected with the 
bodies from which they are evoke<l by rul)bing; ami it became 
necessary to admit that these emanations have an independent 
existence, and can be transferred from one body to another. 
Accordingly we find them recognized, under the name of the 
ehdrir as one of the substances of which the world is 

constituted. The imponderability of this fluid diil not, for the 
reasons already mentioned, prevent its admission by the side of 
light and caloric into the list of chemi(*al elements. 

The question was actively debated as to whether the electric 
fluid was an element svi f/cnerin, or, as some suspected, was 
another manifestation of that principle whose operation is seen 
in the phenomena of heat. Those who held the latter view 
uiged that the electric fluid and heat can both be induced by 
friction, can both induce combustion, and can both be transferred 
from one body to another by mere contact ; and, moreover, that 
the best conductors of heat are also in general the best con- 
ductors of electricity. On the other hand it was contended that 
the electrification of a body does not cause any appreciable rise 
in its temperature; and an experiment of Stephen Gray’s 
brought to light a yet more striking difference. Gray,J in 1729, 
made two oaken cubes, one solid and the other hollow, and 
showed that when electrified in the same way they produced 
exactly similar effects ; whence he concluded that it was only 
the surfaces which had taken part in the phenomena. Thus 
while heat is disseminated throughout the substance of a body^ 
the electric fluid resides at or near its surface. In the middle of 

•Phil. Trans, xli. (1739), pp. 186, 193, 200, 209: JHsteriation ameernintjf 
JEUeirieittj^ 1742. 

t The Cartesians defined a fluid to be a body whose minute parts are in a 
continual affitation. t Phil. Trans, xxxvum p . 35. 
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the eighteenth century it was generally compared to an envelop* 
ing atmosphere. “ The electricity which a non-electric of great 
length (for example, a hempen string 800 or 900 feet long) 
receives, runs from one end to the other in a sphere of electrical 
says Desaguliers in 1740 and a report of the French 
Academy in 1738 saysif “Around an electri6ed body there is 
formed a vortex of exceedingly fine matter in a state of agitation, 
which urges towards the body such light substances as lie 
within its sphere of activity. The existence of this vortex is 
more tlian a mere conjecture ; for when an electrified body is 
brought close to the face it causes a sensation like that of 
encountering a cobweb.*’ J 

Tlie report from which this is quoted was prepared in 
connexion with the discoveries of Gharles-Frangois du Fay 
(A. 1698, d. 1789), superintendent of gardens to the King of 
France. Du Fay§ accounted for the behaviour of gold leaf when 
brought near to an electrified glass tube by supposing that at 
first the \'ortex of the tube envelopes the gold-leaf, and so attracts 
it towards the tube. But when contact occurs, the gold-leaf 
acquires the electric virtue, and so becomes surrounded by a 
vortex of its own. The two vortices, striving to extend in 
contrary senses, repel each other, and the vortex of the tube, 
being the stronger, drives away that of the gold-leaf. “ It is 
then certain,’’ says du Fay,!| “ that bodies which have become 
electric by contact are repelled by those which have rendered 
them electric ; but are they repelled likewise by other electrified 
bodies of all kinds ? And do electrified bodies differ from each 
other in no respect save their intensity of electrification ? An 
examination of this matter has led me to a discovery w’hich I 
should never have foreseen, and of which I believe no one 
hitherto has had the least idea.” 

• Phil. TranS. p. 636. t Hist, de I* Acad., 1733, p. 6. 

t This observation had been made first by Hawksbee at the beginning of the 
century. 

$ Mem. de PAcad. des Sciences, 1733, pp. 23* 78, 233, 467 ; 1734, pp. 341^ 
603 ; 1737, p. 86 ; Phil. Trans, xxxviii. (1734), p. 258. 

1 M&n. de I'Acad., 1733, p. 464. 
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He found, in fact, that when gold-leaf wliicli liad been 
electrified by contact with excited glass was brought near to an 
excited piece of copal,* an attractum was manifested between 
them. " I had expected,” he writes, “ quite the opposite eilecd, 
since, according to my reasoning, tlie cojxal and gold-leaf, which 
wei’e both electrified, should liave repelled eacli other.’' 
Proceeding with his experiments lie found that the gold-leaf, 
when electrified and repelled by glass, was attracttHl by all 
electrified resinous substances, and that when repelled by the 
latter it was attracted by the glass. “ We sef?, tlien, ’ he continues, 
that there ai'e two elec? tricities of a totally dilierent nature — 
namely, that of transparent solids, such as glass, crystal, &c., 
and that of bituminous or resinous bodies, sueli as amlier, copal, 
sealing-w’ax, &c. Each of them rejiels bodies wliich ha\'o 
contracted an electricity of the same nature as its own, and 
attracts those wdiose electricity is of tlie contrary nature. We 
see even that bodies which are not themselves electrics can 
acquire either of these electricities, and tliat then llieir elfects 
are similar to those of the bodies whicli have communicated it 
to them.” 

To the two kinds of electricity wliose existence was thus 
.demonstrated, du Pay gave the names vitreovs and rcHinous, by 
which they have ever since been known. 

An interest in electrical experinmnts seems to liave spread 
from du Fay to other members of the Court circle of Louis XV ; 
and from 1745 onwards the Memoirs of the Academy contain a 
series of papers on the subject by the Abbe Jean- Antoine Nollet 
{6. 1700, d 1770), afterwards preceptor in natural philosophy 
to the Koyal Family. Nollet attributed electric phenomena to 
the movement in opposite directions of two currents of a fluid, 
very subtle and inflammable,” which he supposed to be present 
in all bodies under all circum8tance8.t When an electric is 
excited by friction, part of this fluid escapes from its pores, 
forming an effluent stream \ and this loss is repaired by an 

* A hard trauBparent resin, used in the preparation of varniah. 
t Cf. Nollet’s Itecherchei^ 1749, p. 245. 
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affluent stream of the same fluid entering the body from outside. 
Liglit bodies in the vicinity, being caught in one or other of 
tlieso streams, are attracted or rei)elled from the excited electric. 

Nollet’s theory was in great vogue for some time ; but six or 
seven years after its first publication, its author came across a 
work purporting to Ije a French translation of a book printed 
originally in England, describing experiments said to have been 
made at rhiladelphia, in America, by one Benjamin Franklin. 
"‘He could not at first believe,” as Franklin tells us in his 
Aniohiofp^aphij, “ that .such a work came from America, and said 
it must have been fabricated by his enemies at Paris to decry 
his system. Afterwards, liaving been assured that there really 
existed such a j^erson as Franklin at l*hiladelphia, which he had 
doubted, he wrote and published a volume of letters, chiefly 
addressed to me, defending his theory, and denying the verity 
of my experiments, and of the positions deduced frean them.” 

Wo must now trace the events which led up to the discovery 
which so perturbed Xollet. 

, In 1745 Pieter van Musschenbroek {k 1G92, d. 1761), 
Professor at Leyden, attjniiited to find a method of preserving 
electric charges from the <lecay whicli was observed wlien the 
cliarged bodies wei’e surrounded by air. With this purpose he 
tried the efTect of surrounding a charged mass of water by an 
envelope of some non-conductor, e.g., glass. In one of his 
experiments, a phial of water was suspended from a guii- 
l)arrel by a wire let down a few inches into the water through 
the cork; and the gun-barrel, suspended on silk lines, was 
(ipplied so near an excited glass globe that some metallic fringes 
inserted into the gun-barrel touched the globe in motion. 
Under these circumstances a friend named Cunaeus, who 
happened to grasp the phial with one hand, and touch the gun- 
barrel with the other, received a violent shock ; and it became 
evident that a method of accumulating or intensifying the 
electric power had been discovered.* 

* The discovery was made independently in the same year by Ewald Georg 
von Kleist, Dean of Kummin. 
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* * 

Shortly after the tlisoovery of the Icydm phial, as it was 
named by Nollet, had l)ecoine known in England, a LoniU^n 
apothecar)^ named William Watson (J. 1715, d 1787)^ notice<l 
that when the experiment is performed in this fashion the 
oliserver feels the shock in no other parts of liis Inxly Imt his 
arms ami hivast’*; whence he infem?(l that in the act of 
discharge thei'e is a transference of something which takes the 
shortest or l>est-eonrlueting iKith l)etween tlio gun-barrel ami 
the phial. This idea of transfeixmce seemed to him to Ikmi- 
some Miiiilarity to Xollet s doctrine of alHux and eillux; and 
there can indeed be little doubt tliat tlie Abbt^'s hyi^othesis, 
though t(itally false in itself, fnrnisheil some of the ideas from 
which Watson, with the guitlance of experiment, constnictod 
a con*ect theory. In a memoirt read to the Iloyal Society 
in Octul>er, 1746, he propounded the doctrine that electrical 
actions are due to the presence of an electrical aether,'' whieh 
in the charging or discharging of a Ij?ydeii jar is trnmferrnl, ]»ut 
is not created or destroyed. The excitation of an electrm, 
according to this view, consists not in the evoking of anythiijg 
from within the electric itself without compensation, but in the 
accumulation of a surplus of electrical aether by the electric 
the ej'pe/ise of some other hodi/j wliose stock is accordingly 
depletetl All bodies were sui)posed to possess a certain natural 
store, which could he drawn upon for this purpose. 

“I have shewn,'’ wrote Watson, “that electricity is the 
effect of a very subtil and elastic fluid, occupying all bodies in 
contact with the terraqueous globe ; and that every- where, iu 
its natural state, it is of the same degree of density ; and that 
glass and other bodies, which we denominate electrics per se, 
have the power, by certain known operations, of taking this fluid 
from one body, and conveying it to another, in a quantity 
sufficient to be obvious to all our senses; aud that, under 

* Watson afterwards rose to eminence in the medical professipn, and was 
knighted. 

t l*hil, Trans, xliv., p. 718. It may here be noted that it was Watson wlin 
improved the phial by coating it nearly to the top, both inside and outside, with 
tinfoil* 
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certain circumstances, it was possible to render the electricity in 
some bodies more rare than it naturally is, and, by communi- 
cating this to other bodies, to give tliem an additional quantity, 
and make their electricity more dense.” 

In the same year in which Wat8on^s theory was projicsed, a 
certain l)r. S[)enee, who ha<l lately arrived in America fiom 
Scotland, was showing in Boston some electrical exi)eriments. 
Among his audience was a man who already at forty years of 
jige was recognized as one of the leading citizens of the English 
colonies in America, Benjamin Franklin of Philadelphia's. 1706, 
d, 1700). Sponce’s oxjHniments “were,” writes Franklin,* 
“imperfectly pei formed, as he was not very expert; but, being 
on a sul»ject quite new to me, they ecpially surprised and 
pleased me.” Soon after this, the “Library Company” of 
Philadelphia (an institution founded by Franklin himself) 
rec«*ived from Mr. Peter Collinsoiiof London a present of a glass 
tuh', with some acc<»unt of its use. In a letter written to 
Collinson on July 11th, 1747, t Franklin described experiments 
made with this tube, and certain deductions w’hich he had 
drawn from them. • 

If one i}eraon A, standing on wax so that electricity caiiin)t 
pass from him to the ground, rubs the tube, and if another 
person B, likewise standing on wax, passes his knuckle along 
near the glass so as to receive its electricity, then both A and B 
will be capable of giving a spark to a third person C standing 
on the floor; that is, they will he electrified. If, however, A 
and B touch each other, either during or after the rubbing, they 
will not be electrified. 

This ol)servation suggested to Franklin the same hypothesis 
that (unknown to him) had been proi^ounded a few months 
pre^'iously by Watson : namely, that electricity is an element 
present in a wrtain proportion in all matter in its normal 
condition ; so that, before tlie rubbing, each of the persons A, 
B, and C has an equal share. The effect of the rubbing is to 

* Franklin'a Autobiography^ 

t Franklin’s New Experimente and Observations on Electricity y letter ii. 
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transfer some of A^a electricity to the glass, wlience it is 
transferred to Thus A has a deficiency and B a 8ui>erflnity 
of electricity ; and if either of them approaches 0, wlio has the 
normal amount, the distribution will l)e ecpialized by a spark. 
If, however, A and B are in contact, electricity flows between 
them so as to I’e-establish the original efjuality, and neither is 
then electrifioil witli refemice to C. 

Tims electricity is not created by rubbing the glass, but 
only transferred to tlie glass fixmi the rubber, so that the 
ruliUn* loses exactly as nincli tis the glass gains ; flui total 
qimntitif of elairiviti/ in a no in-wlatriJ ausiini is inranahh\ This 
iisseitiun is usually known as the pnnciple of ennserrotion. of 
(hj tnc ehotyc, 

Tlie condition of A and B in the exi^uiinent can evidently 
be expressed by jdus and ininns signs : A having a deficiency 
- f and 1> a snjKufliiity -f c of cdectricity. Franklin, at tht‘ 
coinmenccinent <»f his own ex|_Kn*ina‘nts, was not acciiiaintcd 
with du Fay^s discoveries: but it is (‘videiit that the elecdric 
'fluid of Franklin is identical with tlie vitreous electricity of 
du Fay, and that du Fay’s resinous electricity is, in Franklin’s 
theory, merely tlie deficiency c^f a stock c)f \ iticoiis electricity 
supposed to be possessed naturally by all pcaiderable bodies. 
In Franklin’s theory we are spared the necessity for ailinitting 
that two quasi-material Ixslies can by tlieir union annihilate each 
other, as vitreous ancl resinous electricity were siqiposed to do. 

Some curiosity will naturally be felt as to the considerations 
which induced Franklin to attribute the ])ositive character to 
vitreous rather than to resinous electricity. They seem to have 
been founded on a comjiarison of the brush discharges from 
conductors charged with the two electricities ; when the 
electricity was resinous, the discharge was observed to spread 
over the surface of the opposite conductor “ as if at flowed from 
it.” Again, if a Leyden jar whose inner coating is electrified 
vitreously is discharged silently by a conductor, of whose pointed 
ends one is near the knob and the other near the outer coating, 
the point which is near the knob is seen in the dark to be illiimi- 
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uateil with a star or globwle, while the poiut which is near the 
outer coating is illuminated with a pencil of rays; which 
suggested to franklin that the electric fluid, going from the 
inside to the outside of the jar, enters at the former point and 
issues from the latter. And yet ^ain, in some cases the flame 
of a wax taper is Idown away from a brass baU which is 
discharging vitreous electricity, and towards one which is 
discharging resinous electricity. But Franklin remarks that 
the interpretation of these observations is somewhat conjectural, 
and that whether vitreous f>r I'esinous electricity is the actual 
electric fluid is not certainly known. 

llegarding the physical nature of electricity, Franklin held 
much tlie same iilciis iw his contemi)oraries ; he pictured it as 
an elastic* fluiil, c<msi.sting of “particles exti-eniely subtile, since 
it can iicrmeate coninion matter, even the densest metals, with 
such ease and freedom as not t<* receive any ix'reeptible 
lesistance.” He departed, however, to some extent from the 
conceptions of his predecessors, who were accirstomcd to ascrila* 
all electrical repulsions to the dilfusion of effluvia from the 
excited electric to the ^ body acted on ; so that the tickling 
sensation which is exiH?rienced when a charged l)ody i.s brought 
near to the human face was attributed to a direct action of the 
effluvia on the skin. This doctrine, which, as we shall see, 
practically ended with Franklin, bears a suggestive rcsemblauce 
to that which nearly a century later was introduced by 
Faraday ; lioth explained electrical phenomena without intro- 
ducing action at a distance, by supposing that something which 
forms an essential part of the electrified system is present at 
the spot where any electric action takes place ; but in the older 
theory this something was identified with the electric fluid 
itself, while in the modern view it is identified with a state of 
stress in the aether. In the inteiTal between the fall of one 
school and the ‘rise of the other, the theory of action at a 
distance was dominant. 

The germs of the last-mentioned theory may be found in 
•i.c., repulsive of its own particles. 
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Fifanklin's own writings. It originate<l in connexion with the 
explanation of the Leyden jar, a matter which is ilisciisaed 
in Ills third letter to Collinscni, of date yepteu/ljer Ist, 1747 . 
In charging the jar, he says, a (luautity of electricity is taken 
away from one side of the glass, by means of the coatiiig 
ill contact with it, ami an eiiiial «iiumtity is communi- 
cated to tlie other side, by means of the other coating. The 
glass itself he snpiioses to l»o imjit'rmeable to the (dectric 
fluid, so that the defieieney on the mie side can permanently 
coexist with the mlundaiicv on the otlu‘)\ so long as tlie two 
siiles are not c«)iinccteil witli each other; hut when a con- 
nexion is set up. the distrihutiiiii <if fluid is ecjualizcd through 
the l>t>dy of llu‘ exjHuimeiiter, who receives a shock. 

t.'omt»elleJ by this tfieory of the jar to ngard glass as 
im\»euetrable to electric etliuvia, Franklin was nevm tlieless well 
awaie* that the intei’iiosititai (»f a glass plate between an 
electrified body and tlie objects of its attraction does not shield 
the latter from tlie attractive influence, lie was thus driven to 
suppnset that the surface of the glass which is nearest the 
excited body is directly affected, ami is able to exert an 
influence through the glass on the opposite surface ; the latter 
surface, which thus receives a kind of secondary or derived 
excitement, is responsible for tlie electric effects beyond it. 

This idea harmonized a<lmirably with the phenomena of 
the jar; for it was now possible to hold that the excess of 
electricity on the inner face exercises a repellent action through 
the substance of the glass, and so causes a deficiency on the 
outer faces by driving away the electricity from it.+ 

Franklin had thus amved at what was really a theory of 
action at a distance between the particles of the electric fluid ; 
and this he was able to support by other experiments. “ Thus,” 
he writes, § “ the stream of a fountain, naturally dense and con- 
tinual, when electrified, will separate and spread in the form of 
a brush, every drop endeavouring to recede from eivery other 

• New ExperimentSf 1750, § 28. t Ihid,^ 1750, § 34. 

} Ibid., 1750, § 32. } Letter v. 
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drop/ In Older to account for the attraction between;:. 
opiJOHitely chai^ged bodiea, in one of which there in an exoeaa dt:. 
electricity bh compared with ordinary matter, and in the ^he# 
an exai88 of ordinaiy mutter aa a>ni[iared with electmfiy^ be 
assumed that “ though the fiarticlea of eleetricat matter do mpel 
eiich other, they am siniiigly attnioted hy all other ritattr»r ; ao 
that “common matter is as a kind of npuiige to the eh^etrieai 
Hui<i;* 

These reiwdleiit aiul attmetive powers he assigncNl only to 
the actual (vitHMius) i*lectric liuid: and \vhe/i later on the 
mutual repnlsinii <if' n^siiiously eh*cfrifie<l hodics ]HH:iiuie known 
tn him/ it caused him cnnsidiuahlc }»erplexity.t As we shall see, 
the dithculty was 4*vciitiuilly reiiu»ve<l l>y Aejiinns. 

In spite of his belief in the |>ower of electricity to act at a 
distance, Franklin did not ahandoii the doctrine of effluvia. 
“The form of the electrical atmosphere,** he says/ “is tliat of tlie 
hody it surrounds, Tliis sliape may he rendered visible in a still 
ah', by raising a smoke from dry rosin tlroj»t into a hot tea- 
spoon under the electrified hody, which will he attracted, and 
spread itself eipially on 4iII sides, covering and concealing* tlie 
body, And this form it takes, l)ecause it is attracted by all 
parts of the surface of the body, though it cannot enter the 
substance already replete. Without this attraction, it would 
not remain round the boily, hut dissipate in the air.** He 
observed, however, that electrical effluvia do not seem to 
affect’, or be affected by, the air ; since it is possible to breathe 
freely in the neighbourhood of electrified bodies ; and moreover 
a current of dry air does not destroy electric attractions and 
repulsioii8.§ 

liegarding the suspected identity of electricity with the 
matter of heat, as to which Nollet had taken the affirmative 
position, Franklin expi’essed no opinion. “ Common fii’C,'* he 

• He refers to it in his Paper road to the Royal Society, December 18, 1765. 
t Of. letters xxxvii and xxxviii, dated 1761 and 1762. 
t New Experiinents^ 1760, § 15. 

} Letter vii, 1751. 
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writes,* “ is in all l^odies, more or less, as well as electrical fire. 
Perhaps they may be different modifications of the same 
element ; or they may be different elements. The latter is by 
some suspected. If they are different things, yet they may and 
do subsist together ki tlie same body.^^ 

Franklin’s work did n(»t at first receive from European 
philosophers the attention which it deserved; although Watson 
generously endeavoured to make the colonial writer’s merits 
known, t a*id inserted some of Franklin's lettei's in one of his own 
papers communicated to the Eoyal Society. But an account of 
Franklin’s discoveries, which had been printed in England, 
happened to fall into the hands of the naturalist Buffon, who was 
so much impressed that he secured tlie issue of a French transla- 
tion of the work ; an<l it was this puldication whicli, as we have 
seen, gave such offence to Xollet. The success of a plan pro^josed 
by Franklin for drawing lightning from the clouds soon engaged 
public attention everywhere; and in a short time the triumph 
of the om-jinid theort/ of electricity, as the hypothesis of 
Watson and Franklin is generally called, was complete. Nollet, 
who was obdurate, “ lived to see himself the last of his sect, 
except Monsieur B — of Paris, his eleve and immediate 
disciple.''^ 

The theory of effluvia was finally overthrown, and replaced 
by that of action at a distance, by the labours of one of 
Franklin’s continental followers, Francis Ulrich Theodore 
Aepinus§ (b. 1724, d. 1802). The doctrine that glass is 
impenneable to electricity, which had formed the basis of 
Franklin’s theorj^of the Leyden phial, was generalized by AepinusH 
and his co-worker Johann Karl Wilcke (i. 1732, d. 1796) 
into the law that all non-conductors are impermeable to the 

# Letter v. 

t Phil. Trans, xlvii, p. 202. Watson agreed with Nollet in r^ecting Franklin’s 
theory of the impermeability of glass.' * 

X Franklin’s Autobiography, 

} This philosopher’s surname had been hellenized from its original form Roeck 
to ahftros by one of his ancestors, a distinguished theologian. 

II F. Y. T. Aepinus Tentamen Thcoriae Eleetrieilatis et Magnetiomi : 
St. Petersburg, 1759. 
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electric fluid. That this applies even to air they proved by 
constructing a machine analogous to the Leyden jar, in which, 
however, air took the place of glass as the medium between 
two oppositely charged surfaces. The success of this experi- 
ment led Aepinus to deny altogether the existence of electric 
effluvia surrounding charged bodies a ‘ position which he 
regarded as strengthened by Franklin’s observation, that the 
electric field in the neighbourhood of an excited body is not 
destroyed when the adjacent air is blown away. The electric 
fluid must therefore be supposed not to extend beyond the 
excited bodies themselves. The experiment of Gray, to which 
we have already referred, showed that it does not penetrate 
far into their substance; and thus it became necessary tc 
suppose that the electric fluid, in its state of rest, is con- 
fined to thin layers on the surfaces of the excited bodies 
This being granted, the attractions and repulsions observed 
between the bodies compel us to Ijelieve that electricity acts 
at a distance across the intervening air. 

Since two vitreously charged bodies repel each other, the 
force between two particles of the electric fluid must (or 
Franklin’s one-fluid theory, which Aepinus adopted) lx 
repulsive : and since there is "an attraction between oppositely 
charged bodies, the force between electricity and ordinary 
matter must be attractive. These assumptions had been made 
as we have seen, by Franklin; but in order to account foi 
the repulsion between two resinously charged bodies, Aepinus 
introduced a new supposition — namely, that the particles 
of ordinary matter repel each other. This, at first, startled 
his contemporaries ; but, as he pointed out, the “ unelectrified* 
matter with which we are acquainted is I’eally matter saturated 
with its natural quantity of the electric fluid, and the forces 
due to the matter and fluid balance each other ; or perhaps 
as he suggested, a slight want of equality between these 
forces might give, as a residual, the force of gravitation. 

Assuming that the attractive and repellent forces increase as 

* This -was also maintnined about the same time by Giacomo Battista Beccari; 
of Turin (A. 1716, rf. 1781). 
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the distance l^etween the acting chaiges deemWs, Acpimia 
applied his theory to ex[»lain a phenoineiu»n which had lM‘en 
more or less iiulolinitely observed by uuiiiy i»reviims writt‘rs, un<l 
sjiecially studied a short time previously hy dohn ('aiiton* 
(i. 1718, </. 177-) and hy AVileket — namely, that if a (Miiuluctor 
is brought into the neiglibourhood t)f an excited body without 
actually touehing it, llu* remoter portion of tin* conductor 
acijuiivs an eltM-nic charge t»f the sjum* kind as that of ila‘ 
excited luuly, while the iu\irer }K»rtion ac 4 nin‘s a ehargt* uf the 
opposite kind. I'liis etle«*t, which is kinuvn as ilie \mhh'iln,t of 
electric chavge>. ha»1 betai exjdained by ( 'anton himself and by 
Franklin* in lernis uf th(‘ tbtM »ry of electric etHuvia. A»‘]>iMiis 
showed that it tolhuve<l naturally fnan llit‘ theory of action at a 
distance, by taking into account tlie nio])i1ity of tia* electric Ihiid 
in conductors; and by discussing ilitlerent cas(‘s, s«» far as was 
possible with the means at liis commaml, he laid the ftamdalions 
of the mathematical theory of electrostatics. 

Aepiniis <lid imt succeed in determining tlie law acconlingto 
which the force hetween two electric charges varies wit ii llu‘ 
distance hetwe(?n tliem ; ami the lioncmr of having iiist accom- 
plished this belongs to J<».se]>li rriestley (//. 17‘>->, //. 1804), the 
discoverer of oxygen. Priest ]i\y, who was a friend of Fi'aiiklin’s, 
had been infoniie<l by the latter that he had haiiid cork halls to 
.he wh(dly iiiiaflected hy the electricity of a metal cup wilhhi 
which they were ladd ; and Franklin desired Priestley to rc]Kial 
and ascertain the fact. Acconliiigly, on December 21st, 1706, 
Priestley iii.stituted experiments, whicli showeil that, wlien a 
hollow metallic vessel is electrified, there is no cliarge on thi? inner 
surface (except near the opening), and no electric force in the air 
inside. From this he at once drew the correct eoiiclusioii, which 
was imblished in 1707.§ “May we not infer,” he says, “ frojii 

* Phil. Trans, xiviii (l7oii), p. 350. 

f 1/ifiputatio phy»icu cxperimentalis de electricitatihus eoutrariis : Kostock, 1757. 

X In his paper read to the Koval Society on Dec. 18Ui, 1755. 

§ J. rriestley, The Kislonj and Prenent Slate of Electricity, tcHh Oriytnal 
Experitnenia ; London, 17G7; page 732. That electrical attraction follows ihu 
law of the inverse stjuare had been suspected by Daniel Kernoulli in 17G0: Cf. 
Socin’s Kxpeii'nenU, Afia Helvetica^ iv, p. 214. 
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this experiment that the attraction of electricity is subject to 
the same laws witli that of gravitation, and is therefore according 
to the squares of the distances ; since it is easily flemoristrated 
that were the earth in tlie form of a shell, a bridy in tlie inside 
of it woubl not be attracted to one side mure than another ? ” 

This brilliant inference seems to have been insufficiently 
studied by the scientific men of the day; and, indeerl,its author 
a[>|)ears to have hesitated to claim hir it tlie authority of a coni- 
]»h*t(? and riguious jnuof. Accordingly we find that the question 
of the law of force was not regarded as finally settled for eighteen 
yi‘ars afterwards * 

liy Franklin’s law uf the CMUism-vatiou of electric cliarge, and 
Priestley’s law of attraction between charged bodies, electricity 
was raised to the [Xisition uf an exact science. It is impossible 
to meuti<in the names i>f these two friends in such a connexion 
witiiuut ridloctiiig on the curious j»arallelisni of their lives. In 
both men there was the same combination of intellectual bold- 
ness and }K)wer with mural eariiestne.ss and ]iublic sjarit. lloth 
of tlimii carried on a long and tenacious struggle with the reac- 
tionary influences which dominated the English Clovernmeiit in 
the reign of (.Jeorge III ; and both at last, when overpowered in 
the conllict, reluctantly exchanged their native flag for that uf 
the, Fnited States of America. The names of both have been 
lield in honour by later generations, not more for their 
scienlitic discoveries tlian for their services to the cause v>f 
religious, intellectual, and political freedom. 

The most celohratiul electrician of Priestley’s contemporaries 
in Loudon was the Hoii. Henry Cavendish {b. 17ol, 0. 1810), 
whose interest in the subject was indeed liereditary, for bis 
fatlicr, Lord Cliarles Cavendish, had assisted in Watsons experi- 
ments of 17d7.t 111 1771 CaveiidisliJ presented to the Eoyal 
Society an ‘‘ Attempt to exjdain some of the principal phenomena 
of Electricity^ by means of an elastic fluid.” The hytK)thesis 

* In 17G9 Dr. Jolili Robison (^. 1739, d. 1805), of Edinburgh, endeavoured to 
dolennino tlie law of force by direct experiment, and found it to be that of the 
inverse 2'06(>> power of the distance, 
t riiil. Trans, xlv, p. 67 (1750). 


tPhil. Trans. Ixi, p. 584 (1771). 
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adopted is that of the one-fluid theory, in nuich the same form 
as that of Aepinus. It was, as he tells us, discovered indepen- 
dently, although he became aoquainteil with Aepinus* w ^rk 
before the publication of his own paper. 

In this ineinoir Cavendisli makes no assumption regarding 
the law of force 1)otwoen electric charges, except that it is 
“ inversely as some less t>ower of the distance than the ciiljc ; 
but he evidently inclines to l»elieve in the law of the inveisc' 
sipuu'e. Indeed, he sho\v> it to be “ likt^ly. that if the electric 
attraction or impulsion is invei*sely as the scpiar' of the ilistanct 
almost all tin* redundant tluitl in tlie body will l»e lodged closi 
to the surface, ami there prt'ssed cl«*se together, and the rest of 
the IkhIv will U* Niturated "; which a|)[>ro\imates cl(»s(dy to the 
disci>very made four years prexiously by Priestley. Ca\endish 
did, as a matter of fact, redi^-over the iuNeisc .v.juare law shortly 
afterwards: but, iuditlerent to fame, he neglected to communicate 

others this and iiiucli other work of inqiortance. The valiK' of 
his researches was not realized until the middle of the nineteenth 
century, when William Thtunsoii (Lord Kelvin) found in Pav(*n- 
<Ush’s manuscripts the correct value for the ratio of tht* electric 
charge.^ carrietl by a circular di.^k ami a s]»h(*reof the same radius 
wliich had betai [>laced in mctallie ouiiiH‘\ion. Thomson urged 
that the papers should 1 h‘ jiuldished ; which came to pass* iii 
1S70, a liundi'cd years from the date of tin* great discoveries 
which they eiishriiicd. It was them seen that Cavendish had 
anticipated his successors in several of the ideas whitdi will 
presently he diseusscMl — amongsl others, those of electrostatic 
capacity and specitie inductive capacity. 

Ill the puhlished memoir of 1771 Cavendish worked out the 
consequences of his fiimlaiuental hypothesis more completely 
than Aepinus ; and, in fact, virtually introduced the notion of 
electric potential, though, in tlie alisence of any detinite assump- 
tion as to the law of force, it was impossible to (le\xdop tliis idea 
to any great extent. 

♦ Tht ElectrioU Eetearches of the Uoh. Henry Cavendish, edited by J. Clerk 
Maxwell, 
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One of the investigations with which Cavendish occupied 
himself was ,a comparison l)etweeu the conducting powers of 
different materials for clectrostiitic discharges. The question 
had been first raised hy Pieccaria, wlio liad sliown* in 1753 that 
when the circuit throiigli which a discharge is passed contains 
tubes of water, the shock is more powerful when the cross-section 
of the tubes is increased, (.’avendisli went into the matter 
much more tlioroughly, and was able, in a memoir presented to 
tli(i lioyal Society in 1775,t to say: “It appears from some 
experiments, of which I pmjKisc sliortly to lay an account before 
tliis Society, tliat iron wire conducts about 400 million times 
bolter than rain or distilled water — that is, the electricity meets 
with no more resistan(*(? in juissing through a piece of iron wire 
400,000,000 inches long thantlirough a column of water of tlie 
same diameter only one inch long. Sea-water, (»r a solution of 
<»no part of salt in 30 of water, conducts lOOtimes, or a saturated 
solution of sea-salt alnnit 720 times, l>etter than rain-water."' 

Till) promis(‘d ac(M.anit <»f the experiments was published in 
the volume edited in 1879. It aiq)ears from it that the method 
of testing by whicli Cavendisli (ibtained these results was 
simj^ly that of physiological sensati<»n; but the figures given 
in tlu‘ comj)arison of iron and sea- water are remarkably exact. 

While tlie theory of electricity was being established on a sure 
foundation by the great inve.stigators of the eighteenth century, 
a no less remarkable development was taking place in the 
kindred science of magnetism, to wliich our attention must now 
be directed. 

The law of attraction between magnets was investigated at 
an earlier date tliaii the corresponding law for electrically 
cl utrged bodies. Newton, in the rrincipia.i says : The power of 
gravity is of a different nature from the jiower of magnetism. 
For the mag*netic attraction is not as the matter attracted. 
Some bodies are attracted more by the magnet, others less ; most 
bodies not at all. The penver of magnetism, in one and the same 

* (j. B. Bt'ccaiia, DriC vftffrivhnto ayfi/tciti/e fi untnraly^ Turin, l7o3, p. 113. 

^ Phil. Trans. Lwi (177C), p. liHJ. J Book iii, Prop, vi, cor. 5. 
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body, may ho incroasotl ami diminishod ; ami is SDiiitdimos far 
stronger, for the quantity of imittor. than the power of giavity ; 
and in receding from tlie iiuignet,tlecreast»s not in the fhqdicate, 
but almost in the trijdieate projKution of the distance, iis nearly 
as I conlil judge from some rude observations/* 

The edition of the Prineipw wliieh was jmhlished in 1742 by 
Thonuis Le Seur and Francis daequier contains a note on this 
eorr)lIary, in which the correct result is obtained that the 
dirt'ctive couple exercised on one magnet hy another is 
pnqxirtional t4> tlie inverse cuIm^ of the distance. 

The til's! discoverer of the law of ft)itie between magnetic 
poles was dobn Micliell (h, 1724, (L I7n.‘l). at that time a young 
Fellow of t^ueens College, (’amliridge,* who in 1750 jaiblished 
A Treat m of Artijiro^l J//»7/o’As ; in //-A/r// in shoirn tin anoj 
and erpoUtinit^^ method af nuthinfj them fin prior to fh*' hrd 
nntnrn! onrs. In this lie stat(*s th(‘ principles of magnetic 
theory as r‘ollow>*^ : — 

“W hercver any ^lagncti.^ni is found, wlictlici* in the Magnet 
itself, or any j»i(*c(‘ of Inni, etc*., (*xcited by the Magmd, th(M'(» are 
always found two Poles, which are generally callcal Xortli and 
» South ; and the Xrath Pole i»f om* Magnet always attracts the 
South Pole, and repels tin* Xortli P<de of another: ami rur rvrsoj' 
This is of course adopted from (iilhert. 

“ Each Pole attracts or rejicls exactly (Mpially, at ecjual 
di.stances, in every dire(jtion/* This, it may he olisevve*!, over- 
throws the theory rif vortices, witli whicli it is irreconcilal^le. 
“ The Magnetical Attraction and llepnlsifin are exactly e(iual to 
each other.” This, olivious though it may seem to us, was really 
a most imi»ortant advance, for, as he remarks, “ Most pef)j)le, who 

♦ Michell hiul laki*n his clegioe only two yoars previously. Tjfiter in life he waa 
on terms of friendship with Pjiestley, Cavendish, and Williaiii Herschel ; it was 
he who taught Hersohel the art of grinding inirrois for telescopes. The plan of 
determining the density of the earth, which was earricMl out by Cavendish in 1798, 
and is generally known as the “ Cavendish Experiment/’ was due to Michell. 
Michell was the first inventor of the torsion-halance ; he also made many valuable 
contributions to Astronomy. In 1767 ho became Rector of Thornhill, Toiks, 

— — j *V,A«.n Vila floOtVl 
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liav(‘ riieiitioiiM any thing relating to this property of the Magnet, 
havti agreed, not only that the Attraction and Eepulsion of 
Magnets are not equal to each other, but that also, they do nofc 
observe the same rule of increase and decrease.” 

“ The Attraction and Eepulsion of Magnets decreases, as the 
Squares of the distances from the respective poles increase.” 
This great discovery, which is the basis of the mathematical 
theory of Magnetism, was deduced partly from his own observa- 
tions, and [)artly from those of previous investigators (e.g. 
Dr. Brook Taylor and P. Muschenbroek), who, as he observes, 
had made accurate experiments, 1)ut had failed to take into 
account all the considerations necessary for a sound theoretical 
discussion of them. 

After Michell the law of the inverse S([iiare was maintained 
Jjy Tolnas iMayer"^ of Gottingen (i. 172.S, d, 1762), better know'ii 
as the author of Lunar Tables which were long in use ; and by 
the c(d(d)rated matliematician, Johann Heinrich Lambertf (i. 
1728, il 1777). 

The promulgation o/ the one-fluid thecny of electricity, in 
the middle of the eighteenth century, naturally led to attempts 
to construct a similar theory of magnetism ; this was etfected in 
1709 by Aepinus*, who supposed the ‘‘poles” to be places at 
which a m^ff/udir jlvul >vas present in amount exceeding or 
falling short of the normal quantity. The permanence of 
magnets was ac(?ounted for by supposing the fluid to be entangled 
in their pores, so as to be with difficulty displaced. The particles 
of the fluid were assumed to repel each other, and to attract the 
particles of iron and steel; but, as Aepinus saw, in order to satis- 
factorily explain magnetic phenoineiia it was nec^essary to assume 
also a mutual repulsion among the material particles of the 
magnet. 

Subsequently tv'o imponderable magnetic fluids, to which 

*Noti(‘Ctl ill Gottuujer Gelehrter 1760 : cf. Aepinus, Xov. Cmm. 

Acad, Pt'trop,, 1768, and Mover’s Of)^ra Inedita, heiaiisg. von G. C. Lichtenberg. 

t Histoire de V Acad, de lierliu, 1766, pp. 22, 49. 

t In Tentamen, to which reference has already been made. 
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the names lomil and attsfrai wore assigned, were jx'stulalc'd by 
the Hollander Ant«>n Ih'ugmans (b. 17.‘>2, (/. ami by 

Wilcko. These Huids were supposed to have properties 
mutual attraction and repulsimi similar to those jMssessed by 
vitreous and resinous electricity. 

The writer who next claims our attention for his services 
both to magnetism and to electricity is the French jihysicist, 
Charles Augustin Coulomb* {k d 1806). By aid of the 
torsion-l»alance, which was indeiiendently invented by Michell 
and himself, he verified in 1785 Priestley’s fundamental law 
that the repulsive force Ik? tween two small globes charged willi 
the same kind of electricity is in the inverse ratio of the srpiare 
of tlie distaiice of their centres. In the second memoir he 
extended this law to the attractirm of opposite electricities. 

Couhunb did not accept tlie one-Huid lhe«)ry of Franklin, 
Aepiuus, and Cavendish, but preferred a rival liyin»tlit‘sis wliieh 
had been prnp<wed in 1750 by Kobmt Synnner.+ “My notion,” 
said Symmer. “ istluil the o}>eration.s eleetrieity do not depimd 
\ipuu <aie singlt' p»isitivt‘ p(»wer,aceor<hng to the o]>inion gemually 
received; but upon two distinct, j)osiiiv(^ and active ])owers, 
which, ))y ctailrasiing, and, as it were, c(ninteracting eacli oth(*r, 
jirodiice the various i>lienomena of electricity ; and that, \vhen a 
body is said to be }»osi lively electrified, it is not simply that it is 
possessed of a larger share of electric mattcu* than in a natural 
state; nor, when it is said to be negatively electrified, of a less; 
but that, in the former case, it is possessed of a larger portion 
of one of those active j»owers, and in the latter, of a larger 
portion of the otlier ; whih^ a body in its natural state remains 
iinelectrified, from an equal ballance of those two powers within 
it” 

Coulomb developed tliis idea : “ Whatever be the cause of 
electricity,” he says,J“we can explain all the ])lienomena by 

* Coulomb’s FiM, Secoml, imd Third Memoirs upppar in Memoires de I’Acad., 
1785; the Fonith in 17Kh, the Fifth in 1787, the Sixth in 1788, and the Seventh 
ia 1789. 

+ Ptiil 'Pi'Mim. li /IT.'iOl. T), ,'571. 


i Sixtli MiMDoir, p. 501. 
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supposing tliat there are two electric fluids, the jjarts of the 
same fluid repelling each other according to the inverse srpiare 
of tlie distancii, and attracting the parts of the other fluid 
uccru ding to tlui same inverse stpiare law.” “ The supposition 
of two fluids,” he adds, “ is moreover in accord with all those 
discoveries of modern chemists and jdiysicists, which have made 
known to us various pairs of gases whose elasticity is destroyed 
by their admixture in certain proportions — an effect which could 
not take place without something equivalent to a repulsion 
between the juirts of the same gas, which is the cause of its 
elasticity, and an attraction between the parts of different 
gases, w’hicli accounts for the loss of elasticity on combination.” 

According, then, to the two-fluid tlieory, the natural fluid ” 
contained in all matter can lie decomposed, under the influence 
of an electric field, into equal quantities of vitreous and 
resinous electricity, which, if the matter be conducting, can then 
fly to the surface of tlie body. The al)eyance of the characteristic 
jaoperties <»f the op[)osito electricities when in combination was 
sometimi‘s further compared to the neutrality manifested by 
the compound of an acid*iind an alkali. 

The i)uldication nf Coulomb’s views led to s(»me controversy 
between the i>artisans of the one-lluid and two-fluid theories; the 
latter was soon generally ado})led in France, but was stoutly 
oi>posed in Holland by Van ilaruni and in Italy by A'olta. 
Tin* chief difference between the rival hypotheses is that, in the 
two-fluid theory, both the electric fluids are movable within the 
substance of a solid conductor; while in the one-fluid theory the 
actual electric fluid is ni(»bile, but the i>articles of the conductor 
art^ fixed. The dispute could therefore be settled only by a deter- 
mination of the actual niotuai of electricity in discharges ; and 
this was beyond the reach of experiment. 

In his Fourth IMemoir Coulomb showed tliat electricity in 
e([uilil)rium is cemfined to the surface of conductors, and does 
not i)enetrate to their interior substance : and in the Sixth 
Memoir* he virtually establishes the result that the electric 

* Page 677. 
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force near a conductor proportional to the surface-density of 
electrification. 

Since the overthrow of the doctrine of electric effluvia 
Aepinus, the aim of ehxdricians had Ixmmi :o establish tlu^ r 
science u|H)n the foundation of a law of action at a distance, 
resernblin);^ that which hatl led to wsuch triinnplis in (Vleslial 
Me<;hanic‘s. When the law (irst stated by riieslley was ar 
leni'th deeisively estal»Iished by (.'ouloiub, simplicity am 
beauty ^ave rise to a ireiieral feeliiiijf of coinj)l(*t(* trust in it as 
the best ailainabli* (oneepiion of electrostatie ))henoniena. 
The result was th.it attention was almost exclusively fncusiMl 
on action-at-a-ili>tance llieories. until the tiim*, lung afterwanls, 
when Faraday led natural philosophers l)ack to the right 
path. 

Couloiiib remleriMl great services to magnetic theory. It was 
he who in 1777, by sim])le mechanical nNisoniiig, completed 
the overthrow of the, hypothesis of vortici's.* He also, in the 
second of tlie !M(*moi!s already (iuote(l,t confirmed Micliell’s 
law, according to whicli the particles? of the magnetic iluids 
attract or r(*pel each other with forc(\s projiortional to the 
inverse square of the distance*. Coulomb, however, went beyond 
this, and endeavoureNl to account for the facit that the two 
magnetic Iluids, unlike the two electric Iluids, cannot be 
o])tained separately; for when a magnet is broken into 
two ])ieees, one containing its north and the ()th(*r its south 
pole, it is found that each piece is an independent magnet 
possessing two pf)les c^f its own, so that it is impossible 
to obtain a north or south pole in a state of isolation. 
Coulomb exjdained this by supposing^: tliat the mag- 
netic fluids are permanently imprisoned within the molecules 
of magnetic bodies, so as to be incapable of* crossing from 
one molecule to the ii(;xt ; each molecule tficrefore under all 
circumstances contains as much of the horeal as of the 

* Mem. prhmith par divers Snvnns, ix (1780), p. 165. 

t Mem de I’Aeud., 17«5, p, 59J1. Gaubs linaUy cstabliBlied the law by a 
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austral fluid, and magnetization consists simply in a separation 
of the two fluids to opposite ends of each molecule. Such 
a hypothesis evidently accounts for the impossibility of 
separating the two fluids to opposite ends of a body of finite 
size. The same idea, here introduced for the first time, has 
since been applied with success in other departments of 
electrical philosophy. 

In sj)ite of the advances which have been recounte<l, 
the mathematical di'vtdojiinent of electric anrl magnetic tlieory 
was scarcely begun at the close of the eighteenth century; and 
many erroneous notions were still widely entertained. In a 
Keport* wliich was juesented to the Frencli Academy in 1800, 
it w\as assumed that the mutual repiilsirui of tlie particles of 
electricity on the surfaci? of a ]»ody is l)alance<l by tlu? 
resistance of the surrounding air; and for Ifuig afterwai’ds 
the electric force outside a eharge<l conductoi* was confused 
with a supposi'd additional ]»ressure in tlie atmosphere. 

Electrostatical theory was, ht)wever, suddenly advanced to 
<[uite a mature state of development by Simeon D(Uiis Poisson 
(&. 1781, ^/. 1840), in a memoir which was read to the Frencli 
Academy in 1 81 2, t As the o])ening sentences show, he accet»ted 
the cimceptions of the two-fluid theory. 

“ Tlie theory of electricity which is most generally accepted,” 
he says, “is that which attributes the phenomena to two 
different fluids, wliich are eontained in all material bodies. 
It is supposed that molecules of the same fluid repel each 
other and attract the molecules of the other fluid ; these 
forces of attraction and repulsion obey the law of the invei’se 
square of the distance; and at the same distance the attractive 
power is equal to the reiiellent pow’cr ; whence it follow s 
that, when all the parts of a body contain equal quantities 
of the two fluids, the latter do not exert any influence on 
the fluids contained in neighbouring bodies, and consequently 
no electrical effects are discernible. This equal and uniform 

* On Volta's disi overies. 

t Mom. <le rinstitut, 1811, Purl i., p. 1, Part ii., p. 103. 
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tlisiril»utinn (»f the two fluids is ealleil the naturttl s(lU> ; wluui this 
stiitt* is distuilKnl in any ImmIv, the lnuly is saiil t<» !•«» r/frtri/iaff 
ami the various phenomena of ehvlrieity lK‘pn to lake jdaee. 

“Material hndies do not all hehave in the saiia* way with 
resj>t*ct to the eleeirie iluitl : stune. sueh as tin* metals, do 
not api»ear to exert any intlueuce on it. hut i»ermit it to 
move about freely in their sul)stanee; for this it\uson they 

calknl mulnrfor.'i. Others, on the contrary — very dry air, 
for example — opjiose the ]»assage of the electric* fluid in tlieir 
interior, so that they can prevent the fluid ac‘cumulated in 
eonducUirs from Inung dissijmted throughout space/' 

When an excess of one of the electric fluids is coiinmnii- 
catod to a inetalli<‘ IhhIv, this charge distrihiitos itself over the 
surface of the lH»dy, forming a layer whose thickness at any 
}»oint tlejHmds mi the shajie of the surface. Tlu» resultant force 
due to the repulsion oi all the lurticles of this s\irfaee-layer 
must vanish at any jioint in tlic intoiior of the conductor, sin(*(‘ 
oth(-rwi>e the natural state exisiin;^' llcac would he dislurhiMl ; 
and l***isMai s(h»wcd th.il hy aid nf jainciplc it is )*ossil>le 
in c**ilain ca><‘s to ft(*terinim* the fii^tiilaition of i‘l(‘(rtri(*ity in 
the >ui n»<'e*.].iy*'i‘, example, a utdi-knoun prop(>'<ilion of 

the tlieniy nf A t tiac't i< *ns aSMTl*^ that .1 !lollf>\V shell wllOS(» 
hnuniUiig >\iif.ices are two simil.ir ami similarly situaletl 
eUip^oiils exercises no attractive feixM* at any ]>oint within tli(‘ 
interior IioIIdw; and it may thence lu* inferred that, if an 
electrified metallic ca>nduetoi* lias the fnjiii of an ellii»soid, the 
cliarge will he distrihuted on it ]>roj>ortif»nally to the normal 
(li.^tance from the surface to an adjacent similar and similarly 
situated ellipsoid. 

Poisson went on to sliow tliat this i csidt was hy no means all 
that might witli advantage he liorroweMl from the tlieory of 
Attractions. Lagi ange, in a memoir on the mtition of gravitating 
1 kkIu?s, had shown* that the components (»f the attractive force 

* Mem. de Berlin, 1777. The theorem wan aflerwards published, and ascribed 

to Laplace, in a memoir by Legendre on the Attractions of Spheroids, which M'ill 

he found in the Mem. uar divers Savans. rmhlished in 178t>. 
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at iiiiy can l)c; !siiiii»ly expresHcd as the derivabis of th (3 

•functinii whioh is ohtaiiied by adding together tin* niasses of all 
the iMi'tieles of an attracting system, each divided by its 
distance from the point ; and Laplace had shown* that this 
fiinctiou V satisfies the e([ualion 

apV ^ ^ = 0 

at- Off 

ill space free from attracting matter, l^oissoii himself showed 
later, in 1813,t that when the point {x, y, z) is within the 
substance of the attracting body, this equation of Laplace must 
be replaced by 

d^V erV . 

ti" Off di 

where p denotes the density of the attracting matter at the 
point. In the present memoir Poisson called attention to the 
utility of tiiis function V in electrical investigations, remarking 
that its value over the surface of any conductor must be 
constant. 

The known formulae for the attractions of spheroids show 
that when a charged conductor is spheroidal, the repellent force 
acting on a small charged l>ody immediately outside it will be 
directed at right angles to the surface of the sphere )id, and will 
be proportional to the thickness of the surface-layer of electricity 
at this place. Poisson suspected that this theorem might be 
true for conductors not having the spheroidal lorm — a result 
which, as we have seen, luul been already virtually given by 
Coulomb; and Laplace suggested to Poisson the following 
])roof, applicable to the general case, llie torce at a point 
immediately outside the conductor can be di\'ided into a 
part s due to the part of the charged surlace immeiliatel) 
adjacent to the point, and a part S due to the rest of 
the surface. At a point close to this, but just inside the con- 
ductor, the force S will still act; but the forces will e^idently 

* Mem. de TAcad., 1782 (published in 1785), p. 113. 
t Bull, de la Soc. rhilonmthique. iii. (1813;, p. 388. 
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l»o ivversoil in dirootinn. Siiu ‘0 the ri‘sult:iiit tnrct* .it tht» latter 
point vanislu*s, we liiiist liave ; s<i tln‘ rfsultjiiif Inn-oiit tin* 
exterior point is l?\. IJiil s is propni timial In tin eharije pi‘r' 
unit area *»!’ the surface, as is stvu hv eniisiilfiiiiL- tin* east* of 
an infinite plate; whieh t‘stal»lishes the lln‘ori‘iii. 

W ln*u se\eral eoinlurlors .iri‘ in t>rt*si*in'e of *‘.ii li other, tin* 
tlislriouliou of ele< lii< ily mi tln*ir laay l>e detmniined 

]>y the ]»rineiple. whieli rt)isson took a^ tin* basis of his work, 
tliai at any ponii in tin* int«*rn»r of any one of the i tanluelois, 
tin* i“esiiltant loi^o dm* to all I In* siu far (‘-la \ ms tin -I Im* zero, 
lie 1, lu part ie\iliii , one i»i the eki^ital piol>leins of 

ele' t rostat ir'^ — iMinelv, that oi «li*tt*rniininL; the sip iaei*-(lensit\ 
o!i lN\o eharoe*! eomluelino sp]ien‘s ]4aeed at any d’slanee fioin 
eaeh either. The solution depoinls on I>onhIe (rannna Functions 
in the general casir, when the two spln‘n‘s are iti contact, it 
dejK»iuls on ordinary Uamma Funclion.s. I'oisson gavt* a solution 
in terms of definite integrals, whieh is (Mpnvalent to that in 
terms of (lamina Functions; and afttT reducing his results to 
numljors, compared them with ('oulomh s experiments. 

The rapidity with whitdi in a single memoir INusson juussed 
fn»m the han‘st eh»nienls of the subject to such recondite 
jiroblfins as those just mentioiiei I may well excite athuiration. 
His success is, no rbuibt, partly t*xplaincd by tlie high sUite of 
iit*velripnieni to whic h aiialy.sis had been advancetd l>y the great 
in.ilbenuiticians of tin* eighteenth fM*utury ; but even after 
allowance has be<*n inadr* for wliat is dm* to his prcMlecessors, 
Poisson’< investigation must lx* uc-c-ounted a splendid memorial 
of bis gc-nius. 

Some; years later roissmi turii<*d liis att»uitioii tc» magnetism ; 
ami, in a iiia.stei ly jiapcn * pn*s<*iited to I he French Academy in 
1S24, gave a nnnarkably C(jin]»l<*U; thciory of the subject. 

llis starting-ixant is (Jouloml/s cloctriiie of two imjioiiderablo 
nuigneticj fluids, arising from th(5 decomposition cif a neutral 
fluid, and confined in their moveiiients to tli(j icidividual elements 


* Mem. thi TAcul., v, p. 217. 
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of the ina^aiotici lKj(ly,so as to bo iiicapablo of j»as.sing froui one 
eleiiKMiL to tin*. ii(*,xt. 

Suppose that an amount m of the positive magnetic fluid is 
located at a i)o1iit {.^j ;//, c); the components of the infiijndic 
intrn.sHu, oi- fom; exoi'ted on unit ujagnetic pol(*, at a j»oint 
(S, fh 'vill evidently he 



wIkuc /' denotes - a)' + (t/ - //)' -f - r.)’ji Hence if we 
consider next a magnetic element in wliich equal quantities of 
ilie two magncLic fluids arc displaced from eacli otlier parallel 
to the ./>axis, the components of the magnetic intensity at 
u, 0 Jiegative dtnivates, witli respect to ij, ^ 

respectively, of tlie function 



where the quantity A, which does not involve (f, ij, Z), may be 
called the magnetic mowmt of the element : it may be measured 
by the couple required to maintain the element in equilibrium 
at a definite angular distance from the magnetic liieridian. 

. If the displacement of j;he two fluids from each otlier in the 
element is not parallel to the axis of ./*, it is easily seen that the 
expression corresponding to the last is 



where the vector {A, B, C) now denotes the magnetic moment 
of the element. 

Thus tlie magiiotie intensity at an external point (^, % 
due to any magnetic body has the components 


where 


f jv _cv _rr\ 
V ' li r 


V 


. ce cy 


IJ 

f'Z 



re- 


integrated throughout the substance of the magnetic body, and 
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whore the vector {J, i>. (*) or I ivpreseiili} the nuigm lie 

pin* unit-Yuliuuo, or, as it is y:euerally ealleil, llie 

The function Fwas aftt'rwanis naiiioii hy tJreeu I lie mfftf,n fir 

2 >oUntial. 

Puisson, hy integrating by parts the preceiling ex[»u‘.ssi<ai for 
the magnetic pHiontiah obtaineil it in the fnnu 

r j|(I.dSt.| - Ijl ' .Hv I-/r .1,1.1',* 

the first integral being taken over llu' surfa(*e »S' of the magnet ie 
ho.ly, airl tiu* seeoinl inlegial !»eing taken througlioiu its volnnie. 
This formula sliows that the magin‘tic intensity proiineiMl ])y the 
ImxIv in e\l»U’nal >|»a( e is tlie saint' as wonhl )»t‘ pro.lm t'.i )»y a 
iielitious ili>iiibntiou of magnetic tlniil, consisiiiiL' of a lay**!* 
o\t‘r :t,> >urra‘‘o, of sjnfa< e-eliargt* (I.dS) j»er elemmit 
togetlier with a Yoliaue“«{i>irihmion of ihmsity - tli\ I tlirough- 
out it- ''ubstam t*. Tht*>t' tielilious magnet i/al ions an'geneially 
known as ftpiirnh sur/on- /#,/#/ roln nn ‘t/i.'yf 

of tUf'flf//' f i>i/* . 

l*oisMm, moieovtu*. |)«*rctnvf'«l that at a point in i very small 
cavity ext‘avate<i within the magnetic hoily, the magni'tic 
polential has a limiting value which is imlepcmlent of thcjsluipc' 
of the cavity as the (iimensions of the cavity tend to ztuo; hut 
that this is not true of the magnetic intfuisity, which in such a 
Binall cavity tlepends on the shai>e of the cavity. Taking the 
cavity to he spherical, he showcnl that the magnetic intensity 
within it is 

* grad V 4 1.7rl,t 

where I denotes the magnetbsation at the [ilace. 


♦ If the components of a vector a ore denoted by («r^, ff*), the quantity 

aJfjt 4 4 ealltd tlie Mcaiar product of taro vectors a and b, and is denoted 

^y^***- ... 

The quaxititv *1-' + ^ 4 is called the divergence of the vector a, and U 
^ ^ CJC cy cz 

denoted by div a. 


t The vector whose components are 


vr 


r P' 
eg' 


r;r 

cz 


is denoted by grad /'. 
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This memoir also contains a discussion of the magnetism 
temporarily induced in soft iron and other magnetizable metals 
l)y the, approach of a j)ermanent magnet. Poisson accounted for 
the pioperties of temporary magnets by assuming that they 
contain embedded in their substance a great number of small 
spher^^s, which ai(^ perfect conductors for the magnetic fluids ; so 
that the resultant magnetic intensity in the interior of one of 
these small spheres must ho zero. He showed that such a sphere, 
when pla<ie<l in a ti(dd of magnetic intensity F,* must acquire a 

inagmM ic moment of amount x the volume of the sphere, 

in order to counteract within the sphere the force F. Thus if 
kp denote the total v<dume of these spheres contained within a 
unit vf>lume of the temporary magmq, the magnetization will be 
I, wh(‘re 

and F denotes the magnet i(j intensity within a spherical cavity 
excavated in th(‘ body. This m Towon aUvi') of iadvved magnetism. 
It is known that some substances acquire a greater degree 
of t<miporary magnetization than others when placed in the 
same circumstances : Poisson accounted for this by supposing that 
the quantity kp varies from one substance to another. But the 
experimental data show that for soft iron kp must have a value 
very near unity, which would obviously be impossible if kp is to 
mean the ratio of the volume of spheres contained within a 
region to the total volume of the region. t The physical inter- 
pretation assigned by Poisson to his formulae must therefore be 
rejected, although the formulae themselves retain their value. 

Poisson’s electrical and magnetical investigations were 
generalized and extended in 1828 by George GreenJ {h. 1793, 
d, 1841). Green’s treatment is based on the properties of the 
function already used by Lagrange, Laplace, and Poisson, wliich 

* In the present work, vectors will generally be distinguished by heavy type, 
t This objection was advanced by Maxwell in § 430 of his Treatute. An attempt 
to overcome it wus made by Betti : cf. p. 377 of his Lessons on the Potential, 

XAn essay on the application of mathematical analysis to the theories of electricity 
and maytietism, Nottingham, 1828 : reprinted in The Mathematical Papers o/the late 
George Green, p. 1. 

F 
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represents the sum of jill Lhoeleetrii* or imi^netie oli in Urn 
field, divided by their respective distaii(*es from some jven point : 
to this function Oroen pive the name pofrntia/, hv ii has 

always since been known.* 

Near the bt^oinning of the memoir is establislnnl the 
celebrated bainulu ctmueetin*: surface and volniiii* intf'^nils, 
which is now «:t'm*rally called Th*unrm; and of which 

Poissons H‘sult on the tHpiivalent stuiace- and volniuo-distiibu- 
tions t*f in;itj:nelizaiion is a jniriieular applu‘ati*»n. l»y usin^r 
this ilieoivm l<» investigati* the )»r<ipt‘rties «»f tin* potmjtial, 
Green arrived at many results of vemarkat>le bfaniy and 
inttu’t‘st. We need ••nly mention, as an i‘xam)de of the ]»ow(*r 
ot Ids inethiMi. the foil ovimj: : — Sn])]>ost‘ that there a hollow 
(M»mluetin^ ^hell, bt.nmlrtl by two closed surfaces, and that a 
num)»er of cle<‘tritit»d ].i,<ii(*s are plaf*ed. some w ithin and some 
without it ; and let the inni*r surface and inleriiU bodies bt* 
called the interior ^y<tem. and the onPn- surface and (‘xterior 
Iwalies be <‘«dlcfl the exteiior system. Then all the cl<*ctrieal 
phentanena of the interior system, lelalive to attractions, 
repulsions, and <len.sities, will he the same us if llunt* were* no 
exterior system, and the inner surface were a perfuel eondnetor, 
put in coinmunicatiun with tlie earth ; ami all those* of tlici 
exterior system will U? the .**ame lus if the interior system <lid not 
exist, and the outer surfm^e were a )»erfec.t conduct^)!-, containing 
a quantity of electricity equal to the wludc? of that originally 
contained in the shell itself and in all the interior bodies. 

It will Ikj evident that electrostatics had l)y this time 
attained a state of development in which further progress could 
be hopetl for only in the mathematical superstructure, unless 
experiment should unexjiectedly bring to light phenomena of 
an entirely new character. This will therefore be a convenient 
place to pause and consider the rise of another branch of 
electrical philosophy. 

* Euler in 1744 {De melhodu invtniendi . . .) had spoken of thet>M pQtmi\ali » — 
what would now be called the potential energy — possessed by an eiostio body 
when bent. 
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CHAITEll III. 

GALVANISM, FROM GALVANI TO OHM. 

I'N^’i/- tb(? last decade of Ihti eigliteenth century, electricians 
\v(jre occupied solely with statical electricity. Their attention 
was then turned in a difi'erent direction. 

hi a work entitled Jicclurrhfs sur rorifjiiw dcs stmtiraerUs 
(ujr^fihleti vt iUmijreahl(‘>y^ whicli was published* in 1752, 
Johann (h^org Sulzer (/>. 1720,//. 1 779) had mentioned that, if 
two |)iecc^s of metal, the one nf lead and the other of silver, be 
joine<l together in such a manner that their edges touch, and if 
they be placed on th(i tongue, a taste is jierceived “ similar to 
that of vitriol of iron,” although neitlnu* of these metals applied 
se]iarately giv('s any trac-e of such a taste. “ It is not probable,” 
ht‘ says, “ that this contact nf the two metals causes a solution 
of either of them, liberating particles which might affect the 
tongue; and we must tlieiefore conclude that tlie contact sets 
up a viliration in their particles, which, by affecting the nerves 
of the tongue, produces tlie taste in question.” 

This ol)servation was not susjiected to have any connexion 
with electrical plienomena, and it played no part in the incep- 
tion of the next discovery, which indeeil was suggested by a 
mere accident. 

Luigi Galvani, born at Bologna in 1737, occupied from 1775 
onwards a chair of Anatomy in his native city. For many years 
before the event which made him famous he had been studying 
the susceptibility of the nerves to irritation ; and, ha\ing been 
formerly a pupil of Beccaria, he was also interested in electrical 
experiments. One day in tlie latter part of the year 1780 he 
had, as he tells us,t “ dissected and prepared a frog, and laid it 
on a table, on \vliich, at some distance from the frog, was an 
electric machine. Tt happened by chance that one of my 

* Muui. de rAcud. de Berlin, 1762, p. 356. 

t Aloysii Galvani, Le Viribus Ji/ecirieitaiis in Motu Mnscutari : Commentahi 
Bunoniensi, vii (i791), p. 363. 

F 2 
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assistants touched the inner crural nerve of the frog with the 
point of a scalpel ; whereupon at once the muscles of the limbs 
were violently convulsed. 

“ Another of those who used to help me in electrical experi- 
ments thought he had noticed that at this instant a spark was 
drawn from the conductor of the machine. I myself was at the 
time occupied with a totally dillerent matter; but when he 
drew my attention to tliis, I greatly desired to try it for myself, 
and discover its hidden principle. So 1, too, touched one or 
other of the crural nerves with the point of the scalpel, at the 
same time that one of those present <lrew a spark : and the same 
phenomenon was repeated exactly as before.”* 

After this, Galvani con(*eived tlie idea of trying whether the 
electricity of thunderstorms would induce muscular contractions 
equally well with the electricity of the machine. Having 
successfully exi>erimented with lightning, he “ wished,” as lie 
writes, t “ to try the etfect of atmosiiheric electricity in calm 
weather. My reason for tliis was an observation I had made, 
that frogs which had been suitably prejiared for these experi- 
ments and fastened, by brass hooks in the spinal marrow, to 
the iron lattice naiiid a certain hanging-garden at my house, 
exhibited convulsions not only during tliunderstorms, but 
sometimes even when the sky was cpiite serene. 1 suspected 
these eii'ects to l>e due to the changes wliich lake ])lace during 
the day in the electric stale of the atmosphere ; and so, with 
some degree of confidence, 1 jicrformiMl experiments to test the 
point; arnl at <lillerent hours for many <lays I watched frogs 
which I had disposed for the purpose ; but could not detect any 
motion in their muscles. At length, w(;ary of waiting in vain, 
I pre.ssed the bra.ss liooks, which were driven into the spinal 
marrow, against the iron lattice, in order to see whether 
contractions could be excited l>y varying the incidental circum- 

* According to a story wliich has often, been repeated, but which rests on no 
sufficient evidence, the frog was one of a number which hud been procured for the 
Signora Galvani, who, being in poor lieaitb, bad been recommended to take a soup 
made of these animals as a restorative. f Loc. cit., p. 377. 
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stances of the experiment. I observed contractions tolerably 
often, but they did not seem to bear any relation to the changes 
ill the electrical state of tlie atmosphere. 

“ However, at this time, when as yet I had not tried the 
experiment except in the open air, I came very near to adopt- 
ing a theory tliat the contractions are due to atmospheric 
electricity, which, having slowly entered the animal and accu- 
mulated in it, is suddenly discliarged wlien the hook comes in 
contact with the iron lattice. For it is easy in experimenting 
to deceive ourselves, and to imagine we see tlie things w’e wish 
to see. 

“ But I took tlie animal into a closed room, and placed it on 
an iron-plate ; and wlien 1 pressed the hook which was fixed 
in the spinal marrow against the plate, behold ! the same 
spasmodic contractions as befoi’e. I tried other metals at 
different hours on various days, in several places, and always 
with the same result, except that the contractions were more 
violent with some metals than with others. After this I tried 
various bodies which are not conductors of electricity, such as 
glass, gums, resins, stoiieg, and dry wood ; but nothing happened. 
This was somewhat surprising, and led me to suspect that 
electricity is inherent in the animal itself. This suspicion was 
strengthened by the observation that a kind of circuit of subtle 
nervous fluid (resembling the electric circuit which is manifested 
in the Leyden jar experiment) is completed from the nerves to 
the muscles when the contractions are produced. 

“ For, while I with one hand held the prepared frog by the 
hook fixed in its spinal marrow, so that it stood with its feet 
on a silver box, and with the other hand touched the lid of 
the box, or its sides, with any metiillic body, I was surprised 
to see the frog become strongly convulsed every time that I 
applied this artifice.”* 

Galvani thus ascertained that the limbs of the frog are con- 
vulsed whenever a connexion is made between the nerves and 
muscles by a metallic arc, generally formed of more than one 

* Thu observution was made in 1786. 
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kind of metal ; aiul lie advanced the hypotlienis that the convul- 
sions are caused hy the trans[)ort of a iieculiar tliiid from the 
nerves to the muscles, the arc acting as a conductor. To this 
fluid the names GoJcmuam and AnimnI Elvctrioitji were soon 
genei'ally applied. Galvani himself considered it to he the same 
as the ordinary electric fluid, and, indeed, regardiHl the entire 
phenomenon as similar to the discharge of a Leyden jar. 

The puhlication of Galvaui’s views soon engaged the attention 
of the learned world, and gave rise to an animateil controviu.sy 
between those who supported Galvani s own view, those who 
Mieved galvanism to he a fluid distinct from ordinary electricit\ . 
and a third school who altogether refused to attribute theefteets 
to a supposed fluid contained in the nervous system. The leadtT 
of the last-named party was Alessandro Volta (/>. 174“), </. 1827), 
Professor of Natural Philosojdiy in the University of Pavia, wIh> 
in 1792 put forward the view* that the stimulus in Galvan i’s. 
exj)eriment is derived essentially from the connexion of two 
difterent metals hy a moist body. ‘'The metals used in the 
experiments, being a[)pliedto the moist bodies of animals, can l)y 
themselves, and of their proper virtue, excite and dislodge the 
electric fluid from its state of rest; so that the organs of the 
animal act <mly passively.'* At first he incliiuHl to comhine this 
theoiy of metallic stimulus with a certain degree of belief in 
such a fluid as Galvani had sujiposed; hut after tin? end of 17f)'i 
he denied the existence of animal electricity altogetluM*. 

Prom this standpoint Volta continued his experiments and 
worked out his theory. The folh>wing quotation from a letterf 
which he wrote lat(*r to Greii, the editor of the Junnw! iL 
Physik^ sets forth his view in a nnne developed foi in : — 

“The contact of difl'erent conductors, particularly thi? metallic,, 
including jiyrites and other minerals, as well as chaixjoal, which 
I call dry conductors, or of the fird elam, with moist comhictors, 
or conductors of the second class, agitates or disturbs the electric 
fluid, or gives it a certain impulse. Do not ask in what manner : 
it is enough that it is a X)iiiiciple, and a general princi{ll(^ Thia 

♦PhU. Trans«, 1793, pp. 10, 27w tPhfl. Magrir (1799), pp. 59, 163, 306. 
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impulse*, wlietlier produced by attraction or any other force, is 
diflereiit or unlike, lx)tli in regard to the different metals and to 
the different nioist conductors; so that the direction, or at least 
the p)wer, witli which tlie electric fluid is impelled or excited, is 
different when the conductor -4 is applied to the conductor £, or 
to another (J, In a i>erfeet circle of conductors, where either 
one of th(} second class is placed between two different from each 
other of the fii*st class, or, contrariwise, one of the first class is 
placed between two of the second class dift*erent from each other, 
an electi ic sticam is occasioned by the predominating force either 
to the riglit or to the left — a circulation of this fluid, which ceases 
only when the circle is broken, and which is renewed when the 
ciitile is cagain i*endered complete.” 

AiKjtlier philosopher who, like Volta, denied the existence of 
a fluid ]»ecuHar to animals, but who took a somewliat different 
view of the origin of the plienomeiion, was Giovanni Fabroni, of 
FloroiKx* (/>. ITo^, (L 1822), who,* having placed two plates of 
different metals in water, ol)8erved that one of them was partially 
oxidiz(*rl when tliey were put in contact; from which he rightly 
concluded that some chemical action is inseparably connected 
witli galvanic effects. 

The feeble intensity of the phenomena of galvanism, which 
comt>(ired iK)orIy witli the striking di8i)Iays obtained in electro- 
statics, was resjKuisible for some falling off of interest in them 
towai'ds the end of the eighteenth century ; and the last years 
of their illustrious discoverer were clouded by misfortune. Being 
attached to the old order which was overthrown by the armies 
of the French Kevolution, he refused in 1798 to take the oath of 
allegiance to the newly constitutoil Cisalpine Eepublic, and was 
dejx)sed from liis professorial chair. A profound melancholy, 
which had lx*!eu induced by domestic bereavement, was aggra- 
vated by j>overty and disgrace ; and, unable to survive the loss 
of all he held dear, he died broken-hearted before the end of 
the yeai-.f 

* Phil. Juiimal, 4to, iii. 308 ; iv. 120; Journal de Physique, vi. 348. 

t A decree of reinstatement had been granted, but hud not come into operation 
at the tinie of Gulvoni’s death. 
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Scai-cely more than a year after the <leath of Galvani, the 
new science suddenly regained the tviger attenti(#Ti of j)liilo- 
sophers. This renewal of interest was due to the disco\ ery hy 
Volta, in the early spring of 1800, of a ineans of gi'eatly increasing 
the intensity of the ettects. Hitherto all attempts to magnify 
the action by enlarging or multiplying the apparatus had ended 
in failure. If a long chain of different mehils was used instead 
of only two, the convulsions of the frog were no more violent. 
But Volta now showed* that if any number of couples, each 
consisting of a zinc disk and a copper disk in contact, were taken, 
and if each couple was separated from the next by a disk of moist- 
ened pasteboard (so that the order was copjitu*, zinc, ])a.steboard, 
copper, zinc, pasteboard, &c.), the effect of the p/Zr thus hu'ined 
was much greater than that of any galvanic apj)aratus ju’eviously 
introduced. When the highest and lowi'st disks wt*re simul- 
taneously touched by the lingers, a distiiu't sho(*k was fell ; and 
this could be repeated again and again, the pile aj>j>arently 
possessing within itself an indefinite power of recuperation. It 
thus resembled a Leyden jar endowed with a power of automati- 
cally re-establishing its state of tensicm afh*r each explosion ; 
with, in fact, “ an inexhaustible charge, a perj»etual action or 
imimlsion on the electric Huid.” 

Volta unhesitatingly prcmonnced the plienoniena of the pile 
to 1)6 in their nature electi ieal. The eircumsUinces of (lalvani s 
original discovery had prepared tlie minds of philosoplaus for 
this belief, which was powerfully supported by the similarity of 
the physiological effects of the pile to those of the Leyden jar, 
and by the observation that the galvanic influence was conducted 
<»nly by those bodies — e.g. the metals — which were already 
known to be good condiictoi's of static elec.tricity. But Volta 
now supplied a still more convincing ])roof. Taking a disk of 
copper and one of zinc, he lield eacli by an insulating handle 
and applied them to each other for an instant. After the disks 
had been separated, they were brouglit into conUict with a deli- 


• Phil. Trans., 1800, p. 403. 
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cate electroscope, which indicated by the divergence of its straws 
that the disks were now electrified — the zinc had, in fact, acquired 
a positive and the copper a negative electric charge • Thus the 
mere contact of two different metals, such as those employed in 
the pile, was shown to be sufficient for the production of effects 
undoubtedly electrical in character. 

On the basis of this result Volta in the same year (1800) 
put forward a definite theory of the action of the pile. Suppose 
first that a disk of zinc is laid on a disk of copper, which in turn 
rests on an insulating support. The experiment just described 
sliows that the electric fluid will be driven from the copper to 
the zinc. We may then, according to Volta, represent the state 
or “ tension ” of the copper by the number - J, and that of the 
zinc l)y the niiiiiber + i, the difference being arbitrarily taken as 
unity, and the sum being (on account of the insulation) zero. It 
will be seen that Volta's idea of ‘‘ tension " was a mingling of 
two ideas, which in imKiern electric theory are clearly distin- 
guished from each other-— namely, electric charge and electric 
potential. 

Now let a disk of moistened pasteboard be laid on the zinc, 
and a disk of copper on this again. Since the uppermost 
copper is not in contact witli the zinc, the contact-action does 
not take place betw’een them : but since the moist pasteboard is 
a conductor, the copper will receive a cliarge from tlie zinc. 
Thus the states will now be represented by - f for the lower 
copper, + J for the zinc, and + I for the upper copper, giving a 
zero sum as before. 

If, now, another zinc disk is placed on the top, the states 
will be represented by - 1 for the lower copper, 0 for the lower 
zinc and upper copper, and -f 1 for the upper zinc. 

In this way it is evident that the difference between the 
numbers indicating the tensions of the uppermost and lowest 

•Abraham Bennet (b, 1760, d, 1799) bad previously shown {Xew Experimwts 
An FAeetr'xeity^ 1789, pp. 86-102} tliat many Imdies, when separated after contact, 
■are oppositely electrified ; he conceived that different bodies have different attrac- 
tions or capacities for electricity. 
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disks in the pile- will always he «M|ual to the nnmhe. o}‘ pairs of 
metallic disks cuiilained in it. If the pih‘ is (lu‘ 

sum of the numhevs imlicatino the statics 4if all the ilisks must 
be zero; but if the lowest disk is ei>uue<*(ed to earth, thi‘ 
tension of this disk will be zen*, aiul tlu' numbers indicatinL? the 
states of all the other disks will i»e increased by the same 
amount, their mutual diftereiiees numiinin^ unchanged. 

The pile as a whole is tlnis similar to a Leyden jar; 
when the exi)erimenler touches the uppermost and lowest 
disks, he recerves the sluxik of its discharge, the intensity l)eing 
proportional to the number of disks. 

The moist layei>> played no jiart in Volta’s theory bcy(md 
that of conductoi's.* It was sot^n fouml that when the moisture 
is acidifietl, the pile is more etVicieut ; but this was attributed 
solely to the sujxn ior conducting powm* of acids. 

Vtdta fully understood ami t‘xplaine<l the impossil>ilit\ of 
constructing a pile from disks of metal almic, without making 
use of moist substances. A‘< be show4‘d in ISO I, if disks of 
various metals are j»la('ed in contm t in ;ui\ ord(‘r, tli(‘ extr<‘mo 
metals wall be in the same state as H they ioucli(»<l each otl)i*r 
directly without the intervention of the others: so that the 
wh<»le is equivalent merely t(^ a single pair. Wlien the metals 
are arranged in the order silver, copper, iron, tin, lead, zinc., 
each of tliem becomes positiv(? with ics|K*ct to that wliicli 
precedes it, and negative with respect to that which follows it; 
but the moving force from the silver to the zinc is equal to the 
sum of the moving forces of the metals comprelieiided hetweeu 
them in the series. 

When a connexion was maintained for some time betwe«*ii 
the extreme disks of a })ile by the human l>ody, sensations 
were experienced which seemed to imlicale a Cf)iilinuous activity 
in the entire system. Volta inferred that tluf electric current 
persists during the whole time, that communication by con- 

• Volta had inclined, in hU earlier experiments on galvanism, to locate the seat 
of power at the interfaces of the metals with the moist conductors. CC. liis letfer 
to Gren, PhiJ. Mag. iv (1799), p. C2. 
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(lucto)s oxi.sts all round the circuit, and that the currently 
suspended only when this communication is interrupted. 

“ This endless circulation or perpetual motion of the electric 
lluid,’’ he says, “may seem paradoxical, and may prove 
inexplicaVde ; but it is none the less real, and w^e can, so to 
speak, touch and handle it.” 

Volta announced his discovery in a letter to Sir Joseph 
Banks, dated from Como, March 20th, 1800. Sir Joseph, who 
was then President of the Eoyal Society, communicated the 
news to William Nicholson (b. 1753, d. 1815), founder of the 
Jmirml which is generally known by his name, and his 
friend Anthony Carlisle (i. 1768, d. 1840), afterwards a 
distinguished surgeon. On the 30th of the following month, 
Nicholson and Carlisle set up the first pile made in England. In 
repeating Volta’s experiments, having made the contact more 
secure at the upper plate of the pile by placing a drop of water 
there, they noticed"* a disengagement of gas tound the con- 
ducting wire at this point; whereupon they followed up the 
matter by introducing a tube of water, into which the wires 
from the terminals of the pile were plunged. Bubbles of an 
intlannuable gas were liberated at one wire, while the other 
wire liecame oxidised ; when platinum wires were used, oxygen 
and hydrogen w'ere evolved in a free state, one at each wire. 
This etlect, w'hich was nothing less than the electric decom- 
position of water into its constituent gases, was obtained on 
May 2nd, L'^OO.t 

Although it liad long been known that frictional electiicitj 
is capable of inducing chemical aetion,i. the disco\eiy of 
Nicholson and Carlisle was of the first magnitude. It was at 
once extended by William Cruiekshank, of Woolwich {Ik 1745, 

• Journal (4to), iv, 179 (1800) : Thil. Mug. vii.^3:J7 (1800). 

t It was obtained independently f«Mir months later hy J. W. Ritter. 

t Becaaria (Lettere dell' elettriciamo^ Bologna, 17o8, p. 282) had reduced mercury 
and otlier metula from their oxides by discharges of Mctioiuil electricity ; and 
Priestley had obtained an inflammable gas from certain organic liquids in the 
same way. Cavendish in 1781 had established the constitution of water by 
electrically exploding hydrogen and oxygen. 
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d, 1800), who^ showeil that soliitiotis of iiietallie salts are also 
decomposed by the eiirrent: ami William Hyde VV^dlaston 
(6. 1766, rf. 1828) seized on it as a testf of the identity of the 
electric currents t>f Volta with those obtained by the discharge 
of frictional electricity. He found tlmt water could be decom- 
posetl by currents of either type, and inferred that all differences 
between them could be explained by supp(»8ing that voltaic 
electricity as commonly ohuuned is ‘‘ less intense, but produced 
in much larger quantity.*’ l^ter in the same year (1801), 
Martin van Marum (/>. IToO, d, 1887) and Christian Heinrich 
Pfaff {k 1773, d, 18r>2) arrived at the same conclusion by 
carrying out on a large scaled Volta’s plan of using the pile to 
chaise batteries of Iit\vdt*n jars. 

The discovery of Nicholson and Carli.slc made a great 
impression on the mind of Humphry I)avy {K 1778, d, 1829), a 
young CornishmaTi who about this time was ai)pointed Professor 
of Chemistry at the Royal Institution in bunion. ]>avyatonce 
l>egan to experiment with Voltai<' piles, and in November, 1800, § 
showed that they give n'» onnent when the waUn' between the 
pail’s of is jmie, ainS that th^ur power f>f action is “in 

great measure juo]>(iiiional to the ]M>\ver of the comlueting 
fluid siib.stance belwetui the <louble plates to oxydat(‘ the 
zinc.” Tbi.s result, as he iinnnuliately perceived, did not 
harmonize well with Volta’s vi(»ws on tlie source of electricity 
in the pile, but was, «in the other liaiid, in agreement with 
Fahroni’s idea that galvanic efl'cct.s are always accompanied by 
chemical action. After a series of experiments lie definitely 
concluded that “ the galvanic pile of Volta acts only when the 
conducting substance between the plates is capable of oxydating 
the zinc ; and that, in proportion as a greater quantity of 
oxygen enters into combination with the zinc in a given time, 
so in proportion is the power of the pile to decompose water 
and to give the shock greater. It seems therefore reasonable 

* NichoUon't Journal (4to), iv (IBOO), pp. 187, 245: Phil. Mag., vii (1800), 
p. 337. 

r Phil. Mag., 1801, p. 427. t Mag., xii (1802), p. 161. 

i Niehohoti't Journal (4to), iv (1800) ; Davy’s Workoy ii, p. 155. 



Galvanis7n^ Jro79i Galvani to Ohn. 


77 


^to con^diule, tliough with our i)reserit quantity of facts we are 
unabh* to explain the exact mode of operation, that the 
oxydation of the zinc in the pile, and the chemical changes 
connected with it, are somehow the cause of the electrical effects 
it produces.” This principle of oxidation guided Davy in 
designing many new types of pile, with elements chosen from 
the whole range of the known metals. 

Davy's chemical theory of the pile was supported by 
Wollaston* and by Nicholson, f the latter of whom urged that 
the existence of piles in which only one metal is used (with more 
than one kind of fluid) is fatal to any theory which places the 
seat of the activity in the contact of dissimilar metals. 

Davy afterwards proposed J a theory of the voltaic pile 
which combines ideas drawn from both the ‘'contact” and 
“chemical” explanations. He supposed that before the circuit 
is closed, the copper and zinc disks in each contiguous pair 
assume opposite electrostatic states, in consequence of inherent 
“electrical energies” possessed {)y the metals; and when a 
communication is made between the extreme* disks by a wire, 
the opposite electricities annihilate each other, as in the dis- 
charge of a Leyden jar. If the liquid (which Davy compared 
to the glass of a Leyden jar) were incapable of decomposition, 
the current would cease after this discharge. But the liquid in 
the pile is composed of two elements which have inherent 
attractions for electrified metallic surfaces : hence arises 
chemical action, which removes from the disks the outermost 
layers of molecules, whose energy is exhausted, and exposes 
new metallic surfaces. The electrical energies of the copper and 
zinc are consequently again exerted, and the process of electro- 
motion continues. Thus the contact of metals is the cause 
which disturbs the equilibrium, wliile tlie chemical changes 
continually rrsTore^ the conditions under which the contact 
energy can be exerted. 

In this and other memoirs Davy asserled that chemical 

♦Phil. Trans., 1801, p. 427. f ytcholsoH's Jonmu!, i (1802), p. 142. 

{ Phil. Tran.''., 1807, p. 1. 
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affinity is esseutially of an electrical natmu and 

electrical attractions, ” he deelai*ecl,* “are pi*oduci*d b) the* 
same cau8e» acting in one case on particles, hi the otliei* on 
masses, of matter; and the same property, under dillinent 
modifications, is the cause of all the phenomena exhibited by 
diffei'ent volUiic combinations.** 

The further elucidation of this matter came chietly from 
researches on electio-cheinioal decoinjiosition, which we must 
now ( onsider. 

A phenomenon which had greatly surprised Nicholsi»n and 
Carlisle in their early experiments was tht‘ aj neaianct^ of 
the products <»f galvanic di^*ompositi(»n at ]>laces renn»tc fioni 
each other. The first altem)»i to account for this was made in 
1S06 by Theodor vnii (;rothusst^/>. ITSo, //. lS22)and l»y Davy,* 
who advanced a theory that tlie terminals at which water is 
decomposed liave attractive and rejadlcnlpowei’s : that ih(» pole 
whence resinous electricity issues has tlit' propei ty of att racting 
hydrogen and the metals, and of repelling oxygen and acid 
substances, while thejMisilive terminal has the powtu* of attract- 
ing oxygen and repelling hydrogen* ami that these forces ait^ 
sufficiently energetic t<» destroy or suspend the usual (ip(?ralion 
of cheini(.'al affinity in the water- molecules nearest tlic 
terminals. Tlie force due to each terminal was sui)posiHl U> 
diminish witli the distance from the terminal. When tlie 
molecule nearest one of the terminals has been de(,romposcd hy 
the attractive and repellent forces of the terminal, one of its 
constituents is liberated there, while the other constituent, by 
virtue of electrical forces (the oxygen and hydrogen being in 
opposite electrical states), attacks the next molecule, which 
is then decomposed. The .surplus constituent from this attacks 
the next molecule, and so on. Thus a chain of decoinpositions 
and recompositions was supposed to be set. up among the 
molecules intervening between the terminals. 

• Phil. Trans., 1826, p. 383. t Ann. de Chiin., Iviii (1800), p. 64. 

X BokenHii lecture for 1806, Phil. Trans., 1807, p. 1. A theory similar to that 
of Grothuss and Davy was communicated by Peter Mark Eoget (6. 1779, d. 1869) 
in 1807 to the Philosophical Society of Manchester : cf. Roget’s QahaniHm^ ^ 106. 
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T\w liy|>otli(*.si.s nf (JiothuHB and Davy was attacked in 1825 
Ly Aiijriiste Do Lit Hive* {h. 1801, rf. 1873) of Geneva, on the 
^riound ot its failuro to explain what happens when different 
li(|uids are placed in scries in the circuit. If, for example, a 
■solution of zinc su]])hatc is placed in one compartment, and 
wattn* in another, and if the positive pole is placed in the 
solution of zinc snljdiate, and the negative pole in the water. 
Do ha liive found that oxide of zinc is developed round the 
latter; although docoinposition an<l lecomxjosition of zinc 
sulphatti could not take jdace in the water, which contained 
none of it. Accordingly, he supposed the constituents of the 
deconn)osed li<|uid to Ik* ho<lily transj»orted across the liquids, 
in close union with tin* moving (dectricity. In the electrolysis 
of wat<n', one cuneni <tf electrified hydrogen was supposed to 
leave the positive jufie. and hecoine decoiiii>osed into hydrogen 
and electricity at (h(‘ negative pole, the hydrogen being 
there liberated as a gas. Another current in the same way 
carried electrified oxygen fi*oin the negative to the x^ositive 
pole. In this scheme the chain of successive decompositions 
imagined by (ln»thuss dogs not take place, the only molecules 
d(*conipo.setl being tii(»se adjacrent to the x>oles. 

'rhe a[»pearanee of the }ux)ducts of decomposition at the 
separate poles could be exjdaiiied either in Grothuss’ fashion 
by assuming disso(*iatioiis througliout the mass of liquid, or 
in De La Hive’s by supposing x^ai*tie*ular dissociated atoms 
to trav(*l considerable ilistauces. Perhaps a xireconceived 
idea of economy in Nature deterred the workers of that time 
from accepting the two assiinix>tions together, when either of 
thorn separately would meet the case. Yet it is to this apxmrent 
redundancy that later researches have pointed as the truth. 
Nature is what she is, and not what we would make her. 

D(^ La Uive*was one of the most thoroughgoing opponents 
of Volta*s contact* thetuy of the pile; even in the case when 
two metals are in eontiW'.t in air only, without the intervention 


♦ Annalps de Ciiiiiiie, xxviii, 190. 



80 


Galvanism^ from Galvani to Ohm, 

of any liquid, he attributed the electric ellect wholly to the 
chemical affinity of the air for the njelal.s. 

During the long interval Ivt ween the publication of the rival 
hypotheses of Grothuss and De La Uive, little real progress 
was made with the special problems of the cell ; Init mean- 
while electric theory was developing in other directions. One 
of these, to which our attention will first be turned, was the 
deotro-chemical thet)ry of the celebrated Swctlish chemist, 
Jons Jacob Berzelius (6. 1779, d, 1848). 

Berzelius founded his theory,* which had been in one or two 
of its features anticipated by Davy.t on inferences drawn from 
Volta's contact effects. “ Two bodies," he remarketl, “ which 
have affinity for each other, and which have Ihhjii brought into 
mutual contact, are fouiul niwn separation to Iw in opposite 
electrical states. That which has the greatest afiinity for 
oxygen usually liecomes positively electrified, and the other 
negatively.” 

This seemed to him to indicate that chemical affinity arises 
from the pluy of electric fone.-,, which in turn spring from 
electric charges within the atoms of matter. To Ikj precise, 
he 8upposo*l each atom to pos.sess two jiolcs, which are tlie 
seat of opposite electrifications, and wlio.«e electrostatic field i.s 
•the cause of chemical affinity. 

By aid of this conception Berzelius drew a simidc and vivid 
picture of chemical combination. Two atoms, which are about 
to unite, dispose themselves so that the positive polo of one 
touches the negative pole of the other ; the electricities of these 
two poles then discharge each other, giving ri.se to the heat and 
light which are observed to accompany the act of comhination.J 
The disappearance of these leaves the compound molecule with 
the two remaining poles ; and it cannot lie dissociated into its 
constituent atoins again until some means is found of restoring 
to the vanished poles their charges. Such a‘ means is afforded 

• Menioirsi of the Acad, of Stockholm, 1812 ; Nicholson’s Journal of Nat. Phil., 
tttI t (1813), 142, 163, 240, 319 ; xxxv, 38, 118, 169. 

t Puil. Trans., 1807. t idea was Davy’s. 
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by the action of the galvanic pile in electrolysis : the opi>o8ite 
electricities of the current invade the molecules of the 
electrolyte, and restore the atoms to their original state of 
polarization. 

If, as Berzelius taught, all chemical compounds are formed 
by the mutual neutralization of pairs of atoms, it is evident 
that they must have a binary character. Thus he conceived a 
salt to be compounded of an acid and an oxide, and each of 
these to be compounded of two other constituents. Moreover, 
in any compound the electropositive member would be replace- 
able only by another electropositive member, and the electro- 
negative member only by another member also electronegative ; 
so that the substitution of, e.g., chlorine for hydrogen in a 
compound would be impossible — an inference which was 
overthrown by subsequent discoveries in chemistry. 

Berzelius succeeded in bringing the most curiously diverse 
facts within the scope of his theory. Thus “ the combination 
of polarized atoms requires a motion to turn the opposite 
.poles to each other; and to this circumstance is owing the 
facility with which comb^ation takes place when one of the 
two bodies is in the liquid state, or when both are in that 
state ; and the extreme difficulty, or nearly impossibility, of 
effecting an union between bodies, both of which are solid. 
And again, since each polarized particle must have an electric 
atmosphere, and as this atmosphere is the predisposing cause of 
combination, as we have seen, it follows, that the particles 
cannot act but at certain distances, proportioned to the 
intensity of their polarity ; and hence it is that bodies, vrhich 
have affinity for each other, always combine nearly on the 
instant when mixed in the liquid state, but less easily in the 
gaseous state, and the union ceases to be possible under a 
certain degree of dilatation of the gases ; as we know by the 
experiments of Grothuss, that a mixture of oxygen and 
hydrogen in due proportions, when rarefied to a certain 
degree, cannot be set on fire at any temperature whatever.’^ 
And again : “ Many bodies require an elevation of temperature to 
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enable them to act upon each other. It apiH'.irs, tlierefore, 
that heat possesses the property of augmenting i lie jiularity of 
these botlies." 

Berzelius accountetl for Volta's (*lectronioti\e aeries by 
assuming the electriticatioii at one }K)le of an atom to I>o aonio- 
what more or somewhat loss than what wouhl he required to 
neutralize the ohiii-ge at the other pole. Thus each atom wouhl 
possess a certain net or residual chai-gc. which might lie of 
either sign : and the onler of the elements in Ndlta's scries 
could be interpreted simply as the order in which they wouhl 
stand when ranged according to the magnitude of this resiiluul 
charge. A.s we shall set*, this conei'jition wa.** afterwaixls 
overthrown by Faraday. 

Berzelius penuitted himself to publish some siaHnilutions on 
the nature of beat and electricity, which bring viviilly l^efore 
tis the outlook of an able thinker in the first quarter of the 
nineteenth century. The ,gi«at question, he says, is whether 
the electricities and caloric are matter or merely phenomena. 
If the title of matter is to lie granted only to such things as 
are ponderable, then these problematic entities are certainly 
not matter ; but thus to narrow the application of the term is, 
he believes, a mistake; and he inclines to the opinion that 
caloric is truly matter, jiosseasing chemical affinities without 
ol>eying the law of gravitation, and that light and all radiations 
con.sist in modes of propagating such matter. This ccmclusion 
makes it easier to deci<le regarding electricity. *' From 
the relation which exists lietwecn caloric and the elcctricitie.s,” 
he remarks, “ it is clear that what may be true with regard 
to the materiality of one of them must also be true with 
r^ard to that of the other. There are, however, a quantity 
of phenomena produced by electricity which do not admit of 
explanation without admitting at the same time that electricity 
is matter. Electricity, for instance, very often detaches 
everything which covers the surface of those bodies which 
conduct it. It, indeed, passes through conductors without 
leaving any trace of its passage ; but it penetrates non-con> 
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<luct()rs which oppose its course, and makes a perforation 
precisely of the same description as would have been made 
by something which had need of place for its passage. We 
often observe this when electric jars are broken by an over- 
charge, or when the electric shock is passed through a number 
of cards, etc. We may therefore, at least with some proba- 
bility, imagine caloric and the electricities to be matter, 
destitute of gravitation, but possessing affinity to gravitating 
bodies. When they are not confined by these affinities, they 
tend to place themselves in equilibrium in the universe. The 
suns destroy at every moment this equilibrium, and they send 
the re-united electricities in the form of luminous rays towards 
the planetary bodies, upon the surface of which the rays, being 
arrested, manifest themselves as caloric ; and this last in its 
turn, during the time required to replace it in equilibrium in 
the universe, supports the chemical activity of organic and 
inorganic nature.” 

It was scarcely to be expected that anything so speculative 
as Berzelius* electric conception of chemical combination 
would be confirmed in all particulars by subsequent discovery ; 
and, as a matter of fact, it did not as a coherent theory survive 
the lifetime of its author. But some of its ideas have 
persisted, and among them the conviction which lies at its 
foundation, that chemical affinities are, in the last resort, of 
electrical origin. 

While the attention of chemists was for long directed to 
the theory of Berzelius, the interest of electricians was 
diverted from it by a discovery of the first magnitude in a 
different region. 

That a relation of some kind subsists between electricity 
and magnetism had been suspected by the philosophers of the 
eighteenth century. The suspicion was based in part on some 
curious efiects produced by lightning, of a kind which may be 
illustrated by a paper published in the FhUosophical Transactions 
in 1735.* A tradesman of Wakefield, we are told, “ having put 
*Phil« Traus. xxxix (1735), p. 74. 
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«p a great mmiln’r of knives aiul forks in a li,ino l«.\, and 
having placed the l*ox in the corner of a large room, there 
happen’d in July, ITJl. a smlden .storm of thund.-r. liglaning. 
etc., by which the corner of tin* hhuii was damaged, tin* liox 
split, and a good many knives and forks melted, the sheaths 
being untouched. The owner emptying t he box up. m a Counter 
where some Nails lay. the Persons who took up the knives, that, 
lay ui>on the Nails. oKserveil that the knives took up the .Nails.” 

Lightning thus came to W c-nalited witli the power of 
magnetizing steel ; and it wji.s doubtle.ss this whi(di led Franklin* 
in ITol to attempt to magnetize a .sewing-needh* by nn'.ins of 
the <lischarge of U'v.len jars. The attempt was imleed success- 
ful ; but, !us Van Marum afterwards showed, it was doubtful 
whether the magnetism was due <lireclly to the current. 

More experiments followed.t Itt lS0r> Ji'an Nichohus Pierre 
Machette (A. Ii69, «/. 18J4) and Charh's Bernard Dcsormes 
(b. 1777, </. 1862) attempted to detennim* whether an insulated 
voltaic pile, freely suspended, is oriented by terrestrial mag- 
netism ; but without positive result. In 1807 Hans Christian 
Oersted (b. 1777, >/. 1851), Professor of Natural Philosophy in 
Copenht^en, announced his intention of e.xamining the action 
of electricity on the magnetic needle ; but it was not for some 
years that his hopes were realized. If one of his pupils is to be 
believed.^ he wa.s “ a man of genius, but a very unhappy experi- 
menter ; he could not manipulate instruments. He must 
always have an assistant, or one of his auditors who had easy 
hands, to arrange the experiment.” 

During a course of lectures which he delivered in the winter 
of 1819-20 on “ Electricity, Galvanism, and Magnetism,” the 
idea occurred to him that the changes observed with the 
compass-needle during a thunderstorm might give the clue to 
the effect of which he was in search ; and this l6d him to think 
that the experiment should be tried with the galvanic circuit 

• Letter vi from Kranklin to Collinson. t In 1774 tho Electoral Academy 

of Bavaria proposed the question, “ Is there a real and physical analogy between 
electric and magnetic forces P ” as the subject of a prize. 

Cf. a letter from Hansteen inserted in Bence Jones’ Li/e of Faraday, ii, p. 3»6. 



Galvanism^ Jrovi Galvani to Ohm. 85 

closed instead of open, and to inquire whether any effect is 
produced on a magnetic needle when an electric current is 
passed through a neighbouring wire. At first he placed the 
wire at right angles to the needle, but observed no result. 
Aftei* the end of a lecture in which this negative experiment 
had been shown, the idea occurred to him to place the wire 
parallel to the needle : on trying it, a pronounced deflexion was 
observed, and the relation between magnetism and the electric 
current was discovered. After confirmatory experiments with 
more powerful apparatus, the puldic announcement was made 
in July, 1820.* 

Oersted did not determine the quantitative laws of the 
action, but contented himself with a statement of the qualita- 
tive effect and some remarks on its cause, which recall the 
magnetic speculations of Descartes : indeed. Oersted’s concep- 
tions may be regarded as linking those of the Cartesian school 
to those which were introduced subsequently by Faraday. “ To 
the effect which takes place in the conductor and in the suiv 
rounding space,” he wrote, “we shall give the name of the 
conflict of electricity r “ The electric conflict acts only on the 
magnetic particles of matter. All non-magnetic bodies appear 
penetrable by the electric conflict, while magnetic bodies, or 
rather their magnetic particles, resist the passage of this conflict. 
Hence they can be moved by the impetus of the contending 
powers. 

“ It is sufficiently evident from the preceding facts that the 
electric conflict is not confined to the conductor, but dispersed 
pretty widely in the circumjacent space. 

“ From the preceding facts we may likewise collect, that this 
conflict performs circles ; for without this condition, it seems 
impossible that the one part of the uniting wire, when placed 
below the magnetic pole, should drive it toward the east, and 
when placed above it toward the west ; for it is the nature of a 

* Schweigger*8 Journal fiir Ghemie und Phyeik, xxiz (1820), p. 275 ; Thomaon*! 
Annals of Philosophy, zvi (1820), p. 273; Ostwald’s Kkuaiker der ixnkUn 
irmemehaften, Nr. 68. 
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circle that the motions in op{H)sitv }>artH siiouhl have an opposite 
direction.” 

Oeieted’s discovory was described at the meeting of the 
French Academy on September 1 Ith, 1820, by an academician 
(Arago) who had just returned from abroad. Several investi- 
gators in France repeated ami extended his exiKjriments ; and 
the first precise analysis of the efl'ect wiis published by two of 
these, Jean-Baptiste Biot (/». 1774. d. 18(52) and Felix Savart 
(ft. 1791, d, 1841 ), who, at a mei'ting of the Academy of Scienct's 
on October 30th, 1820, announced* that the action experienced 
by a pole of austral or lioreal magnetism, when jdaced at any 
distance from a straight wire carrying a voltaic current, may be 
thus expressed : “ Draw from tlie pole a {lerpendicular to tl»e 
wire; the force on the pole is at right angles t«) this line and to 
the wire, and its intensity is proportional to the reciprocal of 
the distance.” This re.sult was soon further analysed, the 
attractive force being divided into constituents, each of which 
was supposed to be due to some particular element of the 
current ; in its new form the law may l)e stated thus ; ffte 
tnagnetie fmxe due to on element it of o eirvv.it, in lohich a 
eurrent i is floiidnij, ot a point vhosc vector distouce from dt is r, 
{in suitable units) 

^^[ds.rjt or curl *^.7 

It was now recognized that a magnetic field may be prcxluced 
as readily by an electric current as by a magnet ; and, as Arago 
soon showed.^ this, like any other magnetic field, is capable of 


* Annales de Cbimie, zr (1820), p. 222 ; Journal de Phya., zli, p. 61. 
t II a and b denote two vecton, the vector whose components are (a^s - 
ajbg *- aj>tt Omby — fv/a) is called the rector product of a and b, and is denoted by 
[a, b]. Its direction is at right angles to those of a and b, and its magnitude is 
represented by twice the area of the triangle formed by them. 


« A a a « d^tf 

} If a denotes any vector, the vector whose components are ■” *5 » 9s *" t)!c 




is denoted by curl a. 


h Annales de Cbimie, zv (1820), p. 93. 
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inducing magnetization in iron. The question naturally sug- 
gested I itself as to whether the similarity of properties between 
currents and magnets extended still further, e.g. whether 
conduetors cairying currents would, like magnets, experience 
jM)nd(*nHnotive forces when placed in a magnetic field, and 
whether such conductors would conseciuently, like magnets, 
exert ponderomotive forces on each other. 

The first step towards answering these inquiries was taken 
by Oersted* himself. “ As,’" he said, “ a body cannot put 
another in motion without being moved in its turn, when it 
possesses the requisite mobility, it is easy to foresee that the 
galvanic arc must be moved by the magnet ” ; and this he 
verified experimentally. 

The next step came from Andr^ Marie Ampfere (6. 1775, 
d, 1836), who at the meeting of the Academy on September 18th, 
exactly a week after the news of Oersted’s first discovery had 
arrived, showed that two parallel wires carrying currents 
attract each other if the currents are in the same direction, 
and repel each other if the currents are in opposite directions. 
During the next three years Ampere continued to prosecute 
the researches thus inaugurated, and in 1825 published his 
collected results in one of the most celebrated memoirsf in the 
history of natural philosophy. 

Ampere introduces his work by proclaiming himself a 
follower of that school which explained all physical phenomena 
in terms of equal and oppositely directed forces between pairs 
of particles ; and he renounces the attempt to seek more 
speculative, though possibly more fundamental, explanations 
in terms of the motions of ultimate fluids and aethers. Never- 
theless, he indicates two conceptions of this latter character, on 
which such explanations might be founded. 

In the fimtj he suggests that the ponderomotive forces 


♦Schweigger’s Journal fur Chem. u. Phys., xxix (1820), p. 364; Thomson’s 
Annals of Philosophy, xvi (1820), p. 375. t Mem. de I’Acad., p. 175. 

X Seeueil i^ohairvations iketro^dynamiquet, p. 215 ; and the memoir just cited, 
pp. 286, 370. 
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between circuits carrying electric currents may hv due to “ the 
reaction of the clastic fluid whicli extends tlnoughuut all 
space, whose vibrations produce the phenomena of light/* and 
which is “put in motion by eh'ctric currents.” This fluid or 
aether can, he says, “ In? no other than tlmt which results from 
the combination of the two electricities.” 

In the secoiitl eonception* Ampere suggests that the 
intersj>aces U'lween the melallie molecules of a wire which 
carries a current may Ik' iKrupieil by a fluid composed of the 
two electricities, not in the prt>portions which form ilu' neutral 
fluid, but with an excess of that one of tluun which is oj)posite 
to the electricity peculiar to the molecules (»f tie* melab ami 
which coiise<|uenily masks this latter electricity. In this inter- 
molecular fluid the opposilt‘ electricities an^ continually Unng 
tlisso('iat*‘d and iwomhined ; a dis.MH iation of the fluid within 
one inler-molec\ilar interval having taloui jdacc, the positive 
ek*ctricity thus jux'duccil unites with tln‘ negativt* electiicily 
of the interval next l<» it in the direction of the current, while 
the negative electricity of the first interval unites with the 
positive electricity <>f the next interval in the other ilirection. 
Such interchanges, accunling to this hy}>oth«».siH, const it ule the 
electric current. 

Ainj^ereV memoir is, however, hut little rK;cuj»ied with tlie 
more sjH'Culative side of thf* suhject. His first aim was to 
investigate thoroughly by exj»eriment the pomleroinotive forces 
on electric currents. 

“When,” he lemarks, “ M. Oersted discovered the action 
which a current exercises on a magnet, one might certainly have 
suspected the existence of a mutual action Ixitweeii two circuits 
carrying currents ; but this was not a necessary consequence ; 
for a bar of soft iron also acts on a magnetized needle, although 
there is no mutual action between two bars of soft iron.** 

Ampfere, therefore, s\ibmitted the matter to the test of tlie 
laboratoiy, and discovered that circuits carrying electric 
currents exert ponderomotive forces on each other, and that 
• JUettHl d^oh»$rvation$ iUelfo^dynamiqutB^ pp, 297, 300, 371. 
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})Oii(lci oinotivc forces are exerted on such currents by magnets. 
"I'o the. science which deals with the mutual action of cun’ents 
he gave the naihe dedro-djinamicsf and he showed that the 
action obeys the following laws : — 

(1) The effect of a current is reversed when the direction of 
the current is reverse<l. 

(2) The effect of a current flowing in a circuit twisted into 
small sinuosities is the same as if the circuit were smoothed out. 

(3) The force exerted by a closed circuit on an element of 
another circuit is at right angles to the latter. 

(4) The force between two elements of circuits is unaffected 
when all linear diinensions are increased proportionately, the 
current-strengths remaining unaltered. 

From these data, together with liis assumption that the force 
between two elements of circuits acts along the line joining them, 
Ampere obtained an expression of this force : the deduction may 
be made in the following way : — 

Let ds, ds' be the elements, r the line joining them, and 2 , 
the current-strengths. From (2) we see that the effect of ds on 
ds' is the vector sum of thg effects of djc, dij, dz on ds', where 
tliese are the three components of ds: so the required force 
must be of the form — 

r X a scalar quantity which is linear and homogeneous in ds ; 
.and it must similarly be linear and homogeneous in ds' ; so 
using (1), we see that the force must be of the form 

F = url(d8 . ds') 0 (r) + (ds . r) (ds'. r) (r)) , 
where <f> and ;// denote undetermined functions of r. 

From (4) it follows that when ds, ds\ r are all multiplied by 
the same number, F is unaffected: this shows that 

^0’) = ^ and 

where A and B den:ote constants. Thus we have 

( r» t 

* Loc. cit, p. 298. 
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Now, by (3X the resolved part of F along ds' must vanish when 
integrated rotmd the circuit s, i.e. it most be a oompleto 
differential when dr is taken to be equal to - ds. That is to- 
Bay, 

.d(ds , dt')(r . ds') l$(ds . r) (ds'. r)* 

74 ,•» 

must be a complete differential ; or 

- ^(ds.rj.Cr.ds'* 


must a complete differential ; ami tiieief(*re 


or 




::r 


2/‘ 


Or 



(ds . r), 



or B - - ^ A, 

Thus finally we have 

F « Constant x w'r (ds .ds') - “^(ds . r)(d8'. r)| • 

f 

This is Ampere’s formula : the multiplicative constant depends 
of course on the units chosen, and may lx* taken to be - 1. 

The weakness of Ampere’s \vork evidently lies in the 
assumption that the force is directed along tlH^ line joining the 
two elements : for in the analogous case of the action between 
two magnetic molecules, we know that the force is not directed 
along the line joining the molecules. It is therefore of interest- 
to find the form of F when this restriction is removed. 

For this purpose we observe that we can add to the expression 
already found for F any term of the form 

^(/•j . (ds . r) . ds', 

r 

where ^(7*) denotes any arbitrary function of r \ for since 
(di.r) = -r.rf8.|, 

this term vanishes when integrated round the circuit s ; and it 
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contains ds and ds' linearly and homogeneously, as it should. 
We can also add any terms of the form 

rf{r. (ds'.rj.xWI, 

where x{r) denotes any arbitrary function of r, and d denotes 
differentiation along the •arc s, keeping ds^ fixed (so that 
dr a - ds) ; this differential may be written 

- ds . (ds'. r) . x(^) - rx{^’) ds) - ~ x'(^') ** (d* • r) (d«'. r)- 

In order that the law of Action and Reaction may not be 
violated, we must combine this with the former additional term 
so as to obtain an expression symmetrical in ds and ds' : and 
hence we see finally that the general value of Jr is given hy the 
equation 

F = - ii'x (ds . ds') - ^(ds . r) (ds. r)J 

+ x(r; (ds' . r)ds + \{f) (ds . r) . ds' + \{r) (ds . ds')r 

+ (d8.r)(ds'.r)r. 

The simplest form of this expression is obtained by taking 



when we obtain 

F = ^ {(ds . r) . ds' + (ds'. r)d8 - (ds . ds')rl . 

The comparatively simple expression in brackets is the 
vector part of the (quaternion product of the three vectors 

ds, r, ds'.* 

From any of these values of F we can find the ponderomotive 
force exerted by the whole circuit s on the element ds' : it is, iw^ 
fact, from the last expression, 

«'[i|(ds'.r).ds-(ds.d8')r}, 

• The simpler form of F gireii in tho text is, if the term in ds' be omitted, the 
form given by Orassroann, Ann. d. Pbys. Ixiv (1846), p. 1. For further work on 
this subject of. Tsit, Proc. R. S. Edin. vin (1873), p. 220, and Korteweg, Journal 
liir Math, xc (1881), p. 4o. 
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or 


or 


whei'e 



Now this value of B is precisely the value found by Biot and 
Savart* for the*niaguetic intensity at dt^due tt» the current i in 
the circuit s^ Thus we see tlmt the ponderoinotive force on a 
current-element ds' in a magnetic* field B is i B]. 

Ampere developed to a considerable extent the theory 
of the equivalenee of magnets with circuits carrying currents; 
and showed that an electric current is iMiuivalent, in its 
magnetic effects, to a distribution of magnetism on any 
surface terminated by llie circuit, the axes of the magnetic 
molecules l>eing everywliere normal to this surface :t such a 
magnetizetl surface is called a nw[fi\*tk .shdL He preferred, 
however, Uj regard the current rather than the magnetic fluid 
as the fundamental entity, and considercMl magnetism to be 
really an electrical phenomenon : each magnetic molecule owes 
its properties, according to this view, to the presence within it 
of a small closed circuit in which an electric current is 
perpetually flowing. 

The impression produced by Am]>ere's memoir was great 
and lasting. Writing half a century afterwards. Maxwell 
speaks of it as “one of the most brilliant achievements in 
science.*' “The whole," he says, “theory and experiment, 
seems as if it had leaped, full-grown and full-armed, from the 
brain of the ‘ Newton of electricity.' It is perfect in form and 
unassailable in accuracy ; and it is summed up in a formula 
from which all the phenomena may be deduced, and which 
must always remain the cardinal fonnula of electrodynamics.** 

Not long after the discovery by Oersted of the connexion 
between galvanism and magnetism, a connexion was discovered 
between galvanism and heat. In 1822 Thomas Johann Seebeck 
• See ante, p. 86. t Loc. cit., p. 867. 
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(6, 1770, tL 18»U), of Berlin discovered* that an electric current 
can be set up in a circuit of metals, without the interposition 
of any liquid, merely by disturbing the equilibrium of 
temperature. Let a ring be formed of copper and bismuth 
soldered together at the two extremities; to establish a 
current it is only necessary to heat the ring at one of these 
junctions. To this new class of circuits the name thermo- 
electric was given. 

It was found that the metals can be arranged as a 
thermo-clectnc series, in the order of their power of generating 
currents when thus paired, and that this order is quite different 
from Volta’s order of electromotive potency. Indeed antimony 
and bismuth, which are near each other in the latter series, are 
at opposite extremities of the former. 

The currents generated by thermo-electric means are 
generally feeble : and the mention of this fact brings us to 
the question, which was about this time engaging attention, 
of the efficacy of different voltaic arrangements, 

Comparisons of a rough kind had been instituted soon after 
the discovery of the pile. The French chemists Antoine 
Francois de Fourcroy (6. 1755, d, 1809), Louis Nicolas 
Vauqueliii (6. 1763, d, 1829), and Louis Jacques Th^nard 
(5, 1777, d. 1857) foundf in 1801, on varying the size of the 
metallic disks constituting the pile, that the sensations 
produced on the human frame were unaffected so long as the 
number of disks remained the same ; but that the power of 
burning finely drawn wire was altered; and that the latter 
power was proportional to the total surface of the disks 
employed, whether this were distributed among a small number 
of large disks, or a large number of small ones. This was 

• Abhandl. d. Berlin Akad. 1822-3 ; Ann. d. Phys. Ixxiii (1823), pp. 115, 
430 ; vi (1826), pp. 1^ 133, 253. 

Volta had previously noticed that a silver plate whose ends were at different 
temperatures appeared to act like a voltaic t ell. 

Further experiments were performed by James Gumming (5, 1777, 1861), 

Professor of Chemistry at Cambridge, Trans. Cumb. Phil. Soc. ii (1823), p. 47, 
and by Antoine C^sar Becqucrel (5, 1788, rf. 1878), Annales de Chimie, xxxi 
(1826), p. 371. t Ann. de Chimie, xxxix (1801), p. 103. 
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explained by supposing that small plates give a small quantity 
of the electric fluid with a high velocity, while large plates 
give a larger quantity with no greater velocity. Shocks, 
which were supposed to dej^eiul on the velocity of the fluid 
alone, would therefore not be intensified by increasing the size 
of the plates. 

The effect of varying tlie conductors which connect the 
terminals of the pile was also studied. Nicolas Gautherot 
{h. 1753, d. 1803) observed* that water contained in tul>e8 which* 
have a nari-ow opening tb»es not conduct vohait^ cunvnts so 
well as when the oj)ening is inoie considerable. This experi- 
ment is evidently very similar to that which Beccaria had 
performed half a century ])reviouslyt with electrostatic 
discharges. 

As we have already seen, Cavendish investigated very 
completely the power of metals to conduct electrostatic 
^lischarges; their power of conducting voltaic currents was 
now examined l»y Davy.J His method was to connect the 
terminals of a voltaic battery by a path containing water 
(which it decompose<l), and alsp by an alternative path 
consisting of the metallic wire under examination. When the 
length of the wire was less than a certain quantity, the water 
ceased to be <lecomposed ; Davy measured the lengths and 
weights of wires of different materials and cross-sections under 
these limiting circumstances; and, by comparing them, showed 
that the cftndiicting power of a wire formed of any (nie rnetal 
is inversely j)roportional to its length and directly proportional 
to its sectional area, but independent of the shape of the cross- 
section.§ The latter fact, as he remarked, showed that voltaic 
currents pass through the substance of the conductor and not 
along its surface. 

Davy, in the same memoir, compared the* conductivities of 
various metals, and studied the effect of temperature : he found 

♦ Annales de Ciiim., xxxix (1801), p. 203. t See p. 63. 

^Phil. Trans., 1821, p. 433. His results were confirmed afterwards by 
3ecquerel, Annales de Cbimie, xxxii (1825), p. 423. 

k TViPtt/k rMiiltii liad bftftn known to Cavendish. 
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that the conductivity varied with the temperature, being 
“‘lower in some inverse ratio as the temperature was higher.” 

He also observed that the same magnetic power is exhibited 
by every part of the same circuit, even though it be formed 
of wires of different conducting powers pieced into a chain, 
so that “ the magnetism seems directly as the quantity of 
electricity which they transmit.” 

The current which flows in a given voltaic circuit evidently 
depends not only on the conductors which form the circuit, 
but also on the driving-power of the battery. In order to form 
a complete theory of voltaic circuits, it was therefore necessary 
to extend Davy’s laws by taking the driving-power into 
account. This advance was effected in 1826 by Georg Simon 
Ohm* (&. 1787, rf. 1854). 

Ohm had already carried out a considerable amount of 
experimental work on the subject, and had, e.g., discovered that 
if a number of voltaic cells are placed in series in a circuit, the 
current is proportional to their number if the external 
resistance is very large, but is independent of their number if 
the external resistance is small. He now essayed the task 
of combining all the known results into a consistent theory. 

For this purpose he adopted the idea of comparing the flow 
of electricity in a current to the flow of heat along a wire, the 
theory of wliich liad been familiar to all physicists since the 
publication of Fourier’s Theoric aiudytiqxvc dc la cliakur in 
1822. “ I have proceeded,” he says, “ from the supposition that 
the comniuiiication of the electricity from one particle takes 
place directly only to the one next to it, so that no immediate 
transition from that particle to any other situate at a greater 
distance occurs. The magnitude of the flow between two 
adjacent particles, under otherwise exactly similar circum- 
stances, I have ii^sumed to be proportional to the difference of 

* Ann. d. Phys. vi (IS26), p. 459 ; vii, pp. 45, 117 ; hie Oalvanisehe Ketie 
mathematiech beavbeitct : Berlin, 1827 ; translated in Taylor’s Seientijic Memoirs^ 
ii (1841), p. 401. Cf. also subsequent papers by Ohm in Eastner’s Arehiv fiir 
d, gee, Naturlehre^ and Schwoigger’s Jahrbuch. 
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the electric forces existing in the two particles; just as, in the 
theory of heat, the flow of calorie between two particles is 
x^rded as proportional to the diflerence of th^ir temperatures/' 
The comparisim iK^tween the flow of electricity and the flow 
of heat suggested the propriety of intiodueing a quantity 
whose behaviour in electrical problems should resemble that of 
teiuperatui'e in the theory of heat. The ditfereuces in the 
values of such a quantity at two points of a circuit would 
provide what was so much needeil, namely, a nicjisure of the 
“ drivingq>ower " acting on the electricity between these 
j)oints. To carry out this idea. Ohm recurred to Volta’s theory 
of the electrostatic condition of the open pih*. It was cus- 
tomary to measure tlie '* tension ‘‘ (‘f a pile by connecting om* 
terminal to earth and testing the other terniimil hy an 
electroscope. Accordingly Ohm says: “ In older to investigate 
the changes which occur in tin' electric; condition of a body A 
in a perfectly definite manner, the body is each time brought, 
under similar circumstances, into relation with a second 
moveable ImmIv of invariable electrical condition, called the 
; and the force with which the (dcctroscope is 
repelled or attracted by the body is determined. This force is 
termed the ehriroHi opir fonr of the body 

“ The same liody A may also serve to determine the electro- 
scopic force in various parts of the same body. For this 
purpose take the body A of very small dimen.sions, so that 
when we bring it into contact with tlie part to be tested of any 
third body, it may from its smallness be regarded as a substitute 
for this part : then its electroscopic force, measured in the way 
described, will, when it happens to l;e difl'erent at the various 
places, make known the relative differences witli regard to 
electricity between these places.” 

Ohm assumed, as was customary at that period, that when 
two metals are i)laced in contact, “ they constantly maintain at 
the point of contact the same difference between their electro- 
scopic forces.” He accordingly supposed that eacli voltaic cell 
Dossesses a definite tension, or discontinuity of electroscopic 
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force, which is to be regarded as its contribution to the driving* 
force of any circuit in which it may be placed. This assumption 
confers a definite meaning on his use of the term '' electroscopic 
force ” ; the force in question is identical with the electrostatic 
potential. But Ohm and his contemporaries did not correctly 
understand the relation of galvanic conceptions to the 
electrostatic functions of Poisson. The electroscopic force 
in the open pile was generally identified with the thickness 
of the electrical stratum at the place tested ; while Ohm, 
recognizing that electric currents are not confined to the 
surface of the conductors, but penetrate their substance, 
seems to have thought of the electroscopic force at a place in 
a circuit as being proportional to the volume-density of 
electricity there — an idea in which he was confirmed by the 
relation which, in an analogous case, exists between the 
temperature of a body and the volume-density of heat 
supposed to be contained in it. 

Denoting, then, by S the current which flows in a wire of 
conductivity y, when the difference of the electroscopic forces at 
the terminals is Ohm writes 

S^yE, 

Prom this formula it is easy to deduce the laws already given 
by Davy. Thus, if the area of the cross-section of a wire 
is A, we can by placing n such wires side by side construct 
a wire of cross-section nA, If the quantity E is the same 
for each, equal currents will flow in the wires ; and therefore 
the current in the compound wire will be n times that in 
the single wire ; so when the quantity E is unchanged, the 
current is proportional to the cross-section; that is, the 
conductivity of a wire is directly proportional to its cross-section, 
which is one of Davy’s laws. 

In spite of the confusion which was attached to the idea of 
electroscopic force,* and which was not dispelled for some years, 
the publication of Ohm’s memoir marked a great advance 
in electrical philosophy. It was now clearly understood that 
the current flowing in any conductor depends only on the 

H 
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conductivity inherent in tho eonduetor iintl on an"tl)er variable 
which bears to electricity the same relation that lempi.'ratuie 
bears to heat; and, inoreover. it was n*alizetl that this latter 
variable is the link i onm“eling the theory of \ urj-enls with 
the older theory of electrostatics. Thaw jarint ijil(*s were a 
stifiioient foundation for future jiroffrcss; and much of the 
work which was |iublished in the stvond (juart<‘r oi the century 
was no more than the natural develojunent of ilu* |>rincij>Ies 
laid down by tUun.* 

It is {gainful to relate that the discoverer hml hmg to wait 
before the merits of his great achievement were ofticially 
recognized. Twenty-two years after the pjiblication of the 
memoir on the galvanic circuit, he was promoteil to a university 
professorship ; this he held for the five years which lemained 
until his death in 1854. 

•Ohm’s theory wa* confirmed experimentally by several investigators, among 
whom may be mentioned Gustav Theodor Fechncr (ii. IfiOl, d. I88i ) 
mwgtn iiber litf Oahant*ehe KttU, I-eipxig. IS31), and Charles VVheaUtone 
{b. 1802, d, 1875} -Thil. Trans., 1843, p. 303;., 
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CHAITEK IV. 

TllK LUMINIFEROUS MEDIUM, FROM BRADLEY TO FRESNEL. 

Although Newton, as we have seen, refrained from committing 
himself to any iloctrme regarding the ultimate nature of light, 
the wi iters of the next generation mteipieted his criticism of 
the wave-theoiy as equivalent to an acceptance of the 
coipuscular hypothesis. As it happened, the chief optical 
discovery of this period tended to support the latter theory, 
by which it was first and most readily explained. In 1728 
James Bradley (5. 1692, d, 1762), at that time Savilian 
Professor of Astronomy at Oxford, sent to the Astronomer 
Eoyal (Halley) an “ Account of a new discovered motion of the 
Fix’d Stars.”* In observing the star 7 in the head of the 
Dragon, he had found that during the winter of 1725-6 the 
transit across the meridian was continually more southerly, 
while during the following summer its original position was 
restored by a motion northwards. Such an effect could not be 
explained as a result of parallax; and eventually Bradley 
guessed it to be due to the gradual propagation of lightf 
Thus, let CA denote a ray of light, falling on the line BA ; 
and suppose that the eye of the observer is travelling ^ 
along BA, with a velocity which is to the velocity 
of light as BA is to GA. Then the corpuscle of \ 

light, by which the object is discernible to the eye \ 

at A, would have been at O when the eye was at \ 

B. The tube of a telescope must therefore be pointed \ 
in the direction BC, in order to receive the rays \ 
from an object whose light is really propagated in \ 

the direction GA, The angle BGA measures the \ 

difference between the real and apparent positions 
of the object ; and it is evident from the figure that the sine of 
•Phil. Trans, xxxv (1728), p. 637. 

t Roemer, in a letter to Huygens of date 30th Dec., 1677, mentions a suspected 
displacement of the appaient position of a star, due to the motion of the earth at 
right angles to the line of sight. Gf. Corretpondanet de Huygens, yiii, p. 53. 
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this angle is to the sine of the visible inclination of the object 
to the line in which the eye is moving, as the velocity of the eye 
is to the velocity of light. Observations such as Bradley’s will 
therefore enable us to ileduce tlie ratio of the mean orbital 
velocity of the earth to the velocity of light, or, as it is called, 
the midant of aherrntuyn ; from its value Bradley calculated that 
light is propagated from the sun to the earth in 8 minutes 
12 seconds, which, as he remarked, “is as it wei-o a Mean 
betwixt what had at different times been determined from the 
eclipses of J upiter’s satellites.”* 

With the exception of Bradley’s discovery, which waa 
primarily astronomical rather than o])tical, the eighteenth 
century was decidevlly l)arren, as reganls both the experimental 
and the theoretical investigation of light; incurious contrast 
to the brilliance of its record in respect of electrical researches. 
But some attention must be given to a suggestive atudyf of the 
aether, for which the younger John Bernoulli {b, 1710, d, 1790) 
was in 1736 awarded the prize of the French Academy. His 
ideas seem to have been originally suggested by an attemptj 


* Strure in \S4o found for the constant of aberration the value which 

he afterwards corrected to 20"'463. This was superseded in 1883 by the value 
2(y*’492, determined by M. Nyren. The observations of both Struve and Nyrcn 
were made with the transit in the prime vertical. The method now generally 
used depends on the measurement of differences of meridian aenith distances 
(Talcotfs method, as applied by F. Kustner, Boobachtungs-Ergebnisae der kbn. 
Stemwarte zu Berlin, Heft 3, 1888) ; the value at present favoured for the 
constant of aberration is 20"*523. Cf. Chandler, Ast. Journal, Xjdii, pp. 1, 12 
(1903). 

The collective translatory motion of the solar system gives rise to aberrational 
terms in the apparent places of the fixed stars ; but the principal term of this 
character does- not vary with the time, and consequently is equivalent to a 
permanent constant displacement. The second-order terms (i.e. those which 
involve the ordinary constant of aberration multiplied by the sun's velocity) 
might be measurable quantities in the case of stars near the Pole ; and the same is 
true of the variations in the first-order terms (i.e. those which involve the sun’s 
Telocity not multiplied by the constant of aberration) due to the circumstance 
that the star’s apparent R. A. and Declination, which occur in these terms, are 
not constant, but are affecte<l by Precession, Nutation, and Aberration. Cf. 
Seeliger, Ait. Naeh., cix., p. 273 (1884). 

t Printed in 1752, in the Beeueil da pxiea qui ont remporta la prix de VAead.y 
tome iii. X Acta cruditorum, mdoci, p. 19. 
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•which his father, the elder John Bernoulli (J. 1667, d. 1748), 
had made in 1701 to connect the law of refraction with the 
mechanical principle of the composition of forces. If two 
opposed foioes whose ratio is ju maintain in equilibrium a 
particle which is free to move only in a given plane, it follows 
from the triangle of forces that the directions of the forces must 
obey the relation 

sin i = ju sin r, 

where i and r denote the angles made by these directions with 
the normals to the plane. This is the same equation as that 
which expresses the law of refraction, and the elder Bernoulli 
oonjectured that a theory of light might be based on it ; but 
he gave no satisfactory physical reason for the existence of 
forces along the incident and refracted rays. This defect his 
son now proceeded to remove. 

All space, according to the younger Bernoulli, is permeated 
by a fluid aether, containing an immense number of excessively 
small whirlpools. The elasticity which the aether appears to 
possess, and in virtue of which it is able to transmit vibrations, 
is really due to the presence of these whirlpools ; for, owing to 
centrifugal force, each whirlpool is continually striving to 
dilate, and so presses against the neighbouring whirlpools. It 
will be seen that Bernoiilli is a thorough Cartesian in spirit ; 
not only does he reject action at a distance, but he insists that 
even the elasticity of his aether shall be explicable in terms of 
matter and motion. . 

This aggregate of small vortices, or “ fine-grained turbulent 
motion,” as it came to be called a century and a half later,* is 
interspersed with solid corpuscles, whose dimensions are small 
compared with their distances apart. These are pushed about 
by the whirlpools whenever the aether is disturbed, but never 
travel far from thdir original positions. 

A source of light communicates to its surroundings a 
disturbance which condenses the nearest whirlpools ; these by 

*Cf. Lord Kelvin’s vortex-sponge aether, described later in this work. 
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their condeiusation dis|»lHce the eontiguouH cor})i]8(;]<\s from their 
equilibrium position; and these iii turn produee ( omleiiHationsi 
iu the whirlp^xils next l>eyond them, «!» that Mbrations arc 
propiigated in every dirtM.'tion from the luminous point. It is 
curious that Kt'rnoulli sjh'uJcs of these vibrations as InufjitinUmtU 
and actually contrasts them with those of a stretched cord, 
which, “ when it is slightly displaced from its rectilinear form, 
and then let go, |>erforms tmnavcrse vibrations in a direction at 
right angles to the ilirection of the cord.*' When it is 
remembered that the objection to longitudinal vibrations, on 
the score of polarization, had already been clearly stated by 
Newton, and that llenumlli^s aether closely resembles that 
which Maxwell inventeil in 1861-2 for the express purjiose of 
securing transvemlity of vibration, one feels that i)erhap8 no 
man ever so narrowly miascHl a great discovery. 

BenioulU explained refmctioii by coinhining these ideas 
with those of his father. Within the pores of pondcrahh^ 
bodies the whirljx)oIs are compn^ssed, so the centrifugal force 
must vary in inlensily fruiu one medium to another. Thus a 
corpuscle situated in the iiUerfact* Innween two media is acted 
on by a greatt*r elastic force from one iii('(iium than from the 
other; aiul by applying the triangle of forces to find tlie 
conditions of its equilihrium, the law <»f Snell find Descartes 
may be obtained. 

Not long after this, the (*choes c>f tin* old controversy 
between Descartes and Fermat al)out the law of refraction 
wereawakenetl* by Pierre Louis Moreau de Maui>ertuis {k 1098, 
d. 1759). 

It will l>e rememljered that according to Descartes the 
velocity of light is greatest in dense media, while according to 
Fermat the propagation is swiftest in free aether. The argu- 
ments of the coipiiscular theory convinced Maujicrtuis that on 
this particular \Knnt Descartes was in the* right; hut never- 
theless he wished to retain for science the beautiful method by 
which Fermat had derived his result. This he now proposed 

• Mem. de I’Acad., 1744, p. 417. 
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to do by modifying Fermat's principle so as to make it agree 
with the corpuscular theory; instead of assuming that light 
follows the quiehed path, he supposed that “ the path described 
is that by which the quantity of action is the least ; and this 
action he defined to be proportional to the sum of the spaces 
described, each multiplied by the velocity with which it is 
traversed. Thus instead of Fermat’s expression 



(where t denotes time, v velocity, and ds an element of the path) 
Maupertuis introduced 

Ivds 

as the quantity which is to assume its minimum value when the 
path of integration is the actual path of the light. Since 
Maupertuis’ Vy which denotes the velocity according to the 
corpuscular theory, is proportional to the reciprocal of Fermat’s 
Vy which denotes the velocity according to the wave-theory, the 
two expressions are really equivalent, and lead to the same law 
of refraction. Maupertuis’ memoir is, however, of great 
interest from the point of view’ of dynamics ; for his suggestion 
was subsequently de^'eloped by himself and by Euler and 
Lagrange into a general principle which covers the whole 
range of Nature, so far as Nature is a dynamical system. 

The natural philosophers of the eighteenth century for the 
most part, like Maupertuis, accepted the coiq)uscular hypothesis ; 
but the wave-theory was not without defenders. Franklin* 
declared for it ; and the celebrated mathematician Leonhard 
Euler (&. 1707, d. 1783) ranged himself on the same side. In a 
work entitled Nova TJieoria Lucis et Colonun, publishedf while 
he was living under the patronage of Frederic the Great at 
Berlin, he insisted strongly on the resemblance between light 
and sound ; “ light is in the aether the same thing as sound in 
air.” Accepting Newton’s doctrine that colour depends on 

* Letter zziii, written in 1752. 

tL. Euleri Opuscula varii arffummtif Berlin, 1746, p. 169. 
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wave-lengtlj, he in tliia iiiennur sup}H>w><i tlie fit*qiii‘ncy greatest 
for red light, and least for violet ; but a fow years later* he 
adopted the opjwsite opinion. 

The chief novelty of Kuler’.s writings »m light is his 
explanation of the iiiannor in which material b<>(Iie.s appear 
coloured when viewed by white light ; and, in ]iarticular, of the 
way in which the colours of thin plates are produced. Ho 
denied that siu li colours are due to a tiiort* copious rctle.\ion of 
light of certain particular jhu-wkIs, atid Ku)i)H)se<l tliat they 
represent vibrations generateil within the body itself tinder the 
stimulus of the incident light. A colouretl surface, according 
to this hjrpothesis, contains large numbers of clastic molecules, 
which, when agitatetl, emit light of period deptnuling only 
on their own structure. The colours of thin plates Euler 
explained in the same way ; the elastic response and free period 
of the plate at any place would, he conceived, depend on its 
thickness at that place ; an<l in this way the dejiendence of the 
colour on the thickness wa.s accounted for, the phenomena as 
a whole being analogous to well-known eflects observed in 
experiments on stmntl. 

An attempt to improve the coqniscular theory in another 
direction was made in 1752 by the Mar<|uis <le Courtivron,tand 
independently in the following year by T. MelvilLJ These 
writers sugge.sted, Jis an exjilanation of the diflerent refran- 
gibility of different colours, that “ the differently colour’d rays 
are projected with different velocities from the luminous laxly : 
the red with the greatest, violet with the least, and the inter- 
mediate colours with intermediate degrees of velocity.” On 
this supposition, as its authors ixauted out, the amount of 
aberration would l)e diflerent for every different colour; and 
the satellites of Jupiter would change colour, from wliite through 
green to violet, through an interval of more than half a minute 
before their immersion into the planet's shadow; while at 
emersion the contrary succession of colours should be observed, 

*114ni. dcl'Acod.de Berlin, I7S2,p,262. t Conrtivron’e TrmUi'optiqm, 1762. 
tPhil. Trent, slviii (175.3), p. 202. 
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beginning with red and ending in white. The testimony of 
])ractical astronomers was soon given that such appearances are 
not o])8erved ; and the hypothesis was accordingly abandoned. 

The fortunes of the wave-theory began to brighten at the 
end of the century, when a new champion arose. Thomas 
Young, bom at Milverton in Somersetshire in 1773, and 
traiiK^d to the practice of medicine, began to write on optical 
tlieory in 1799. In his first paper* he remarked that, according 
to the corpuscular theory, the velocity of emission of a 
corpuscle must be the same in all cases, whether the projecting 
force be that of the feeble spark produced by the friction of two 
pebbles, or the intense heat of the sun itself — a thing almost 
incredible. This difficulty does not exist in the undulatory 
theory, since all disturbances are known to be transmitted 
through an elastic fluid with the same velocity. The reluctance 
which some philosophers felt to filling all space with an elastic 
fluid he met with an argument which strangely foreshadows 
the electric theory of light : “ That a medium resembling in 
many properties that which lias been denominated ether does 
really exist, is undeniably proved by the phenomena of 
electricity. The rapid transmission of the electrical shock 
shows that the electric medium is possessed of an elasticity as 
great as is necessary to be supposed for the propagation of light. 
Whether tlie electric etlier is to be considered the same with 
the luminous etlier, if such a fluid exists, may perhaps at some 
future time be discovered by experiment : hitherto I have not 
been able to observe that the refractive power of a fluid 
undergoes any change by electricity.” 

Young then proceeds to show the superior power of the 
wave-theory to explain reflexion and refraction. In the 
•corpuscular theory it is difficult to see why part of the light 
should be reflected and another part of the same beam reflected ; 
but in the undulatory theory there is no trouble, as is shown 
by analogy with the partial reflexion of sound from a cloud or 
denser stratum of air: “Nothing more is necessary than to 

• Phil. Trans,, 1800, p. 106. 
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suppose all refracting media to retain, by their attraction, a. 
greater or less quantity of the luminous ether, so as t(» make its 
density greater than that which it possesses in a vacuiuin, 
without increasing its elasticity.” Tliis is precisely the 
hyjwthesis adopted later by Fresnel and (heen. 

In 1801 Young made a discovery of the first magnitude* 
when attempting to explain Newton^s rings on the ])rinciples of 
the wave-theory. Eejecting Euler's hypothesis of induced 
vibrations, he assumed tliat the colours observed all exist in . 
the incident light, and showed that they ciudd lx? derived fn»m 
it by a process which was now for tlu^ first rime recognized 
in optical science. 

The idea of this process was not altogether n(‘w, for it had 
l)een used by Xewton in his theory of the tidi's. “It may 
happen,” he wrote, f “that the tide may be propagatixl from the 
ocean through ditlbrent channels towards tlu^ sane* j)ort, and 
may pass in less time through some channels than through 
others, in which case the same gemuating tide, Ixdng thus 
dividetl into two or more succeeding one another, may produce 
by composition new types of tide.” Xt*wt«m applied this 
principle to explain the anomalous tides at llatsha in Tonkin, 
which luul previously been described l)y Halhy.^ 

Young's own illustration of the principle is evidently 
suggested hy Xewton’s. “ Suppose,” he says,§ “ a number of 
equal waves of water to move upon the surfact^ of a stagnant 
lake, with a certain constant velocity, and to enter a narrow 
channel leading out of the lake ; suj)pose then another similar 
cause to liave excited another ecpial series of waves, which 
arrive at the same channel, with the same velocity, and at the 
same time with the first. Neither series of waves will destroy 
the other, hut their effects will I)e combined ; if they enter the 
channel in such a manner that the elevati^nis of one series 
coincide with those of the other, they must together produce a 
series of greater joint elevations but if the elevations of one 

* Phil. Trans., 1802, pp. 12, 387« t rrincipia. Book iii, Prop. 24. 

{ Phil. Trans, xiv (1684), p. 681. § Young’s Worki^ i, p. 202. 
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series are so situated as to correspond to the depressions of the 
other, they must exactly fill up those depressions, and the 
surface of the water must remain smooth. Now I maintain 
that similar eflects take place whenever two portions of light 
are thus mixed ; and this 1 call the general law of the interference 
of light.” 

Thus, “ whenever two portions of the same light arrive to the 
€>ye by dififerent routes, either exactly or very nearly in the same 
direction, the light becomes most intense when the difference of 
the routes is any multiple of a certain length, and least intense 
ill the intermediate state of the interfering portions ; and this 
length is different for light of different colours.” 

Young’s explanation of the colours of thin plates as seen by 
reflexion was, then, that the incident light gives rise to two 
beams which reach the eye : one of these beams has been 
reflected at the first surface of the plate, and the other at the 
second surface ; and these two beams produce the colours by 
their interference. 

One difficulty encountered in reconciling this theory with 
observation arose from the fact that the central spot in Newton’s 
rings (where the thickness of the thin film of air is zero) is 
black and not white, as it would be if the interfering beams were 
similar to each other in all respects. To account for this Young 
showed, by analogy with the impact of elastic bodies, that when 
light is reflected at the surface of a denser medium, its phase 
is retarded by half an undulation : so that the interfering 
beams at the centre of Newton’s rings destroy each other. The 
correctness of this assumption he verified by substituting essence 
of sassafras (whose refractive index is intermediate between those 
of crowui and flint glass) for air in the space between the lenses ; 
as he anticipated, the centre of the ring-system was now white. 

Newton had. long before observed that the rings are smaller 
when the mediuni producing them is optically more dense. 
Interpreted by Young's theory, this definitely proved that the 
wave-length of light is shorter in dense media, and therefore 
that its velocity is less. 
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The publication of Young’s papers occasioned a fierce attack 
on him in the Edinhurgh Meciew, from the pen of Henry 
Brougham, afterwards Lord Chancellor of England. Young 
replied in a pamphlet, of which it is said* that only a single 
copy w’as sold ; and there can be no doubt that Brougham for 
the time being achieved his object of discrediting the wave- 
theory, t 

Young now turned his attention to the fringes of shadows. 
In the corpuscular explanation of these, it was supposed that 
the attractive forces which operate in refraction extend their 
influence to some distance from the surfaces of bodies, and 
inflect such rays as pass close by. If this were the case, the 
amount of inflexion should obviously depend on the strength of 
the attractive forces, and consequently on the refractive indices 
of the bodies — a proposition which had been refuted by the 
experiments of s’Gravesande. Tlie cause of diSraction effects 
was thus wholly unknown, until Young, in the Bakerian lecture 
for 1803,J sliowed that the principle of interference is concerned 
in their formation ; for when a hair is placed in the cone of rays 
diverging from a luminous point, the internal fringes (i.e. those 
within the geometrical shadow) disappear when the light passing 
on one side of the hair is intercepted. His conjecture as to the 
origin of the interfering rays was not so fortunate ; for he attri- 
buted the fringes outside the geometrical shadow to interference 
between the direct rays and rays reflected at the diffracting 
edge ; and supposed the internal fringes of the shadow of a 
narrow object to he due to the interference of rays inflected by 
the two edges of the object. 

The success of so many developments of the wave-theory 
led Young to inquire more closely into its capacity for solving 
the chief outstanding problem of optics — that of the behaviour 

of light in crystals. The beautiful construction for the extra- 

• 

* Peacock’s Life of Young, 

t** Strange fellow,” wrote Macaulay, when half a century afterwards he 
found himself sitting beside Brougham in the House of Lords, ** his powers 
gone : his spite immortal.” 

X Phil. Trans., 1804; Young’s Works, i, p. 179. 
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ordinary ray given by Huygens had lain neglected for a century ; 
and the degree of accuracy with which it represented the 
observations was unknown. At Young's suggestion Wollaston* 
investigated the matter experimentally, and showed that the 
agreement between his own measureineiits and Huygens' rule 
was remarkably close. “ I think," he wrote, “ the result must bo 
admitted to be highly favourable to the Huygenian theory ; 
and, although the existence of two refractions at the same time, 
, in the same substance, be not well accounted for, and still less 
their interchange with each other, when a ray of light is made 
to pass through a second piece of spar situated transversely to 
the first, yet the oblique refraction, when considered alone, seems 
nearly as well explained as any other optical phenomenon." 

Meanwhile the advocates of the corpuscular theory were not 
idle ; and in the next few years a succession of discoveries on 
their part, both theoretical and experimental, seemed likely to 
imperil the good position to which Young had advanced the 
rival hypothesis. 

The first of these was a dynamical explanation of the 
refraction of the extraordinary ray in crystals, which was 
published in 1808 by Laplace.t His method is an extension of 
that by which Maupertuis had accounted for the refraction of 
the ordinary ray, and which since Maupertuis' day had been so 
developed that it was now possible to apply it to problems of 
all degrees of complexity. Laplace ^issumes that the crystalline 
medium acts on the light-corpuscles of the extraordinary i^y so 
as to modify their velocity, in a ratio which depends on the 
inclination of the extraordinary ray to the axis of the crystal : 
so that, in fact, the difterence of the squares of the velocities of 
the ordinary and extraordinary rays is proportional to the 
square of the sine of the angle which the latter ray makes with 
the axis. The principle of least action then leads to a law of 
refraction identical* with that found by Huygens’ construction 

• Phil. Trans., 1802, p. 381. 

tM^m. dePInst., 1809, p. 300: Journal de Physique, Jan., 1809; Mem. de 
la Soc. d’Arcueil, ii. 
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with the spheroid; just as Maupertuis* investigation led to a 
law of refraction for the ordinary ray identical with t hat found 
by Huygens* construction with the sphere. 

The law of refraction for the extraordinary ray may also bo 
deduced from Fermat’s principle of least time, provided that the 
velocity is taken inversely proportional that assumed in the 
principle of least action ; and the velocity appropriate to 
Fermat’s principle i^jrees with that found by Huygens, being, in 
fact, proportional to the radius of the spheroid. These results 
are obvious extensions of those already obtained for ordinary 
refraction. 

Laplace's theory was promptly attacked by Young,* who 
pointed out the improbability of such a system of forces as 
would l>e required to impress the mpiisite change of vebicity on 
the light-corpuscles. If the aim of controversial matter is to 
convince the contemiK)rary world, Young’s paper must be 
counted unsuccessful ; but it permanently enriched science by 
proposing a dynamical foundation for doulde refraction on the 
principles of the wave-theory. “A solution,” he says, “ might 
be deduced upon the Huygenian princiides, from the simplest 
possible supposition, that of a medium more easily comj)ressible 
in one direction than in any direction perpendicular to it, as if it 
consisted of an infinite number of parallel plates connected by 
a substance somewhat less elastic. Such a structure of the 
elementary atoms of the crystal may be understood by compar- 
ing them to a block of wood or of mica. Mr. Chladni found that 
the mere obliquity of the fibres of a rod of Scotch fir reduced 
the velocity with which it transmitted sound in the proportion 
of 4 to 5. It is therefore obvious that a block of such wood 
must transmit every impulse in spheroidal — that is, oval — 
undulations; and it may also be demonstrated, as we shall 
show at the conclusion of this article, that the’spheroid will be 
truly elliptical when the body consists either of plane and 
parallel strata, or of equidistant fibres, supposing both to be 
extremely thin, and to be connected by a less highly elastic 

* Quarterly Beview, Nov., 1809 ; Young’s Workt^ i, p. 220. 
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,sul)st?iii('(5 ; tlui sj»h(jroi(l being in the former case oblate and in 
tfie latter oblong.’' Young then proceeds to a fonrial proof 
that “ an impulse is propagated through every perpendicular 
section of a lamellar elastic substance in the form of an elliptic 
undulation/’ This must be regarded as the beginning of 
the dynamical theory of light in crystals. It was confirmed 
in a striking way not long afterwards by Brewster* who found 
that compression in one direction causes an isotropic transparent 
solid to become doulily-refracting. 

Meanwhile, in January, 1808, the French Academy had 
proposed as the subject for the physical prize in 1810, “To 
furnish a mathematical theory of double refraction, and to 
cf)nfirm it bv experiment.” Among those who resolved to 
compete was Etienne I..<jnis Mains (i. 1775, d. 1812), a colonel 
of engineei's who had seen service with Napoleon's expedition 
to Egypt. While c< inducting experiments towards the end of 
1808 in a house! in the Bue des Enfers in Paris, Mains happened 
to analyse with a rhomb of Icelan<l spar the light of the setting 
sun reflected from the window of the Luxembourg, and was 
surprised to notices that the two images were of very different 
intensities. Following up this observation, he found that light 
which had been reflected from glass acquires thereby a modifi- 
cation similar to that which Huygens had noticed in rays 
which have experienced double refraction, and which Xewton 
had explained by supposing rays of light to have “ sides.” This 
discovery appeared so important that without waiting for the 
prize competition he communicated it to the Academy in 
December, 1808, and published it in the following month. f 
“ I have found,” he said, “ that this singular disposition, 
which has hitherto been regarded as one of the peculiar effects 
of double refraction, can be completely impressed on the 
luminous molecules by all transparent solids and liquids.” 

“ For example, light reflected by the surface of water at an 

* Phil. Trans., 1816, p. 60. 

t Nouveau Bulletin ^des Sciences, par la Soc. Philomatique. i(1809), p. 266; 
Memoires de la Soc. d’Arcueil, ii (1809). 



1 12 The Luminiferous Medium^ 

angle of 52°45' luis all the characteristics of oii»? of l.lic lieams 
produced by the double refraction of Iceland HjMr, wliose 
principal section is [mrallel to the plane wliich inwsi's through 
the incident ray and the reflected ray. If we receive this 
reflected ray on any doubly-refracting crystal, whose prineiiMil 
section is parallel to the plane of reflexion, it will nut be divided 
into two beams as a ray of ordinary light would be, but will be 
refracted according to the onlinany law.” 

After this Malus found tliat light which lias been refracted^ 
at the surface of any transparent substance likewise possesses 
in some degree this property, to which he gave the name 
poiarization. Tlie memoir* which he finally submitted to the 
Academy, and which contains a rich store of exi)erimental and 
analytical work on double refraction, obtained the prize in 1810 ; 
its immediate effect as regards the rival theories of the ultimate 
nature of light was to encourage the adherents of the corpuscular 
doctrine ; for it brought into greater prominence the phenomena 
of polarization, of which the wave-theorists, still misled by the 
analogy of light with sound, wera unable to give any account. 

The successful discoverer was elected to tlie Academy of 
Sciences, and Ijccame a member of the celebrated club of Ai'cueil.t 
But his health, which had been undermined by the Egyptian 
'campaign, now broke down completely ; and he died, at the age 
of thirty -six, in the following year. 

The polarization of a reflecte<l ray is in general incomplete — 
le. the ray displays only imperfectly the properties of light 
which has been polarized by double refraction ; but for one 
particular angle of incidence, which dejjends on the reflecting 
body, the polarization of the reflected ray is complete. Malus 
measured with considerable accuracy the polarizing angles for 
glass and water, and attempted to connect them with the other 
optical constants of these substances, the refr^tive indices and 
dispersive powers, but without success.' The matter was 

* M4m. presentes a I’lnst. par divers Savans, ii (1811), p. 303. 

t So called from the village near Paris where Laplace and Borthollet had 
their country-houses, and where the meetings took placed The club consisted of 
a dozen of the most celebrated scientific men in France. 
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afterwards taken up by David Brewster (i. 1781, 0., 1868), who 
in 181 5* showed that there is complete polarization by reflexion 
when the reflected and refiacted rays satisfy the condition of 
being at right angles to each other. 

Almost at the same time Brewster made another discovery 
which profoundly affected the theory of double refraction. It 
had till then been believed that double refraction is always 
of the type occurring in Iceland spar, to which Huygens* 
.construction is applicable. Brewster now found this belief to be 
erroneous, and showed that in a large class of crystals there are 
two axes, instead of one, along which there is no double 
refraction. Such crystals are called biaxaJ, the simpler type to 
which Iceland spar belongs being called uniaml. 

The wave-theory at this time was still encumbered with 
difficulties. Diffraction was not satisfactorily exjdained ; for 
polarization no explanation of any kind w’as forthcoming ; the 
Huygenian construction appeared to require tw^o different 
luminiferous media within douldy refracting bodies ; and the 
universality of that construction had been impugned by 
Brewster’s discovery of biaxal crystals. 

The upliolders of the emission theory, emboldened by the 
success of Laplace’s theory of double refraction, thought the 
time ripe for their final triumph ; and as a step to this, in 
March, 1817, they proposed Diffraction as the subject of the 
Academy’s prize for 1818. Their ex 2 )ectation was disapj>ointed ; 
and the successful memoir afforded tiie first of a series of 
reverses by which, in the short sj)ace of seven yeai*s, the 
corpuscular tlieory was completely overthrown. 

The author was Augustin Fresnel (6. 1788, d. 1827), the 
son of an architect, and himself a civil engineer in the 
Government service in Normandy. During the brief dominance 
of Napoleon aftenhis escape from Elba in 1815, Fresnel fell into 
trouble for having enlisted in the small army whicli attempted 
to bar the exile's return ; and it was during a period of enforced 
idleness following ‘Oii his arrest that he commenced to study 

• Phil. Trans., 1816, p. 125. 

I 
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diCRraction. • In his earliest memoir* he propounded a theory 
similar to that of Youngs which was spotted like Young's 
theory by tlie assumption that the fringes depend on light 
reflected by the diflracting edge. Observing, however, that the 
blunt and sharp edges of a knife produce exactly the siim ? 
fringes, he l)ecame dissatisfied with this attempt, aii<l on July 
15th, 1816, pi'esented to the Academy a supi^leinent to liis 
paper, t in which, for tlie fiiist time, diffractioii-ettects are 
refeired to their true cause — namely, the mutual interference, 
of the secondary waves emitteil by tliose iX)rtions ^ >f tlie original 
wave-front which have not l)een obstructed by the difi'racting 
screen. Fresnel's metlicKl of cjilculation utilized the principles 
of both Huygens and Young ; he summed tin* etlecls due to 
diftereiit porti(»us of the same primary wave-front, with due 
regard to tlie difterenees of phase engendered in propagation. 

The sketch presented to the Academy in 1816 was during 
the next two yeai’s develoiml into an exhaustive memoir, J 
wliich was submitted for the Academy's prize. 

It so happened that the earliest memoir, which had been 
presented to the Academy in the autumn of 1815, had been 
referred to a Commission of which the reporter was Fran 9 ois 
Arago (J. 1786, d. 1853); Arago was so much impressed that 
he sought the friendship of the author, of wln>m lie was later a 
strenuous champion. 

A champion was indeed needed when the larger memoir was 
submitted ; for Laplace, Poisson, and lliot, who constituted a 
majority of the Commission to which it was referred, were all 
zealous supporters of the corpuscular theory, lluring the 
examination, however, Fresnel was vindicated in a somewhat 
curious way. He had calculated in the memoir the diffraction- 
patterns of a straight edge, of a narrow opaque body bounded 
by parallel sides, and of a narrow opening bounded by jiarallel 
edges, and had shown that the results agreed excellently with 

♦ Annales de Ghimie (2), i (181C), p 239 ; (Suvm, i, p. 89. 

t (Euvrta, i, p. 129. 

X Mem. de TAcad., y (1826), p. 339 ; CSuvrea, i, p. 247. 
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his experimental measures. Poisson, when reading the mann* 
script, happened to notice that the analysis could be extended 
to other cases, and in particular that it would indicate the 
existence of a bright spot at the centre of the shadow of a 
circular screen. He suggested to Fresnel that this and some 
further consequences should be tested experimentally; this was 
done, and the results were found to confirm the new theory. 
The concordance of observation and calculation was so admirable 
.in all cases where a comparison was possible that the prize was 
awarded to Fiesnel without further hesitation. 

In the same year in which the memoir on diffraction was 
submitted, Fresnel published an investigation* of the influence 
of the earth’s motion on light. We have already seen that 
aberration was explained by its discoverer in terms of the 
corpuscular tlieory ; and it was Young who first showedf how 
it may be explained on the wave-hjqwthesis. Upon con- 
sidering the j)henomena of the aberration of the stars,” he 
wrote, “ I am disposed to l)elieve that the luminiferous aether 
pervades the substance of all material bodies with little or no 
resistance, as freely perhaps as the wind passes through a 
grove of trees.” In fact, if we suppose the aether surrounding 
the earth to be at rest and unaffected by the earth's motion, 
the light-waves will not partake of the motion of the telescope, 
which we may suppose directed to the true place of the star, 
and the image of the star will therefore be displaced from the 
central spider-line at the focus by a distance equal to that 
which the earth describes while the light is travelling through 
the telescope. This agrees with what is actually observed. 

But a host of further questions now suggest themselves. 
Suppose, for instance, that a slab of glass with a plane face is 
carried along by the motion of. the eai-th, and it is desired to 
adjust it so that a ray of light coming from a certain star 
shall not be bent when it enters the glass: must the 
surface be placed at right angles to the true direction of the 

* Annales de Ghimie, ix, p. 57 (1818) ; ii, p. G27. 

t Phil. Trans., 1804, p. 12; Young’s WQvlay i, p. 188. 
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star as freed from aberration, or to its apparent direction as 
affected by aberration ? The question whether rays coming’ 
from the stars are refracted differently from rays origi- 
nating in terrestrial sources had been raised originally by 
Michell* ; and Kobison and Wilsonf had asserted that the focal 
length of an achromatic telescope should be increased when it 
is directed to a star towards which the earth is moving, owing 
to the change in tlie relative velocity of ligiit. Arago} sub- 
mitted the matter to the test of experiment, and concluded that 
the light coming from any star behaves in all oases of reflexion 
and refraction precisely as it wouhl if the star woie situated in 
the place which it appeai-s to t)ccupy in consequence of aix'i- 
ratioii, and the earth were at n^st ; so that the ap{)arent 
refraction in a moving prism is tHjiuil to the absolute refraction 
in a fixed prism. 

Fresnel now set out to provide a theory capable of explaining 
Arago’s result. To this end he adopted Young’s suggestion, 
that the refi-active powei’s of transparent bodies dei»end on the 
concenti-ation of aether within them; and made it more precise 
by assnnnng that the aethercal tlensit}- in any bfidy is pro- 
portional to the square of tlie refractive index. Tims, if r 
denote the vebxjity of light in vacuo, and if c, denote its 
velocity in a given material body at rest, so that lu = r/r, is the 
refractive index, then the densities p and p, of the aether in 
interplanetary space and in the body respectively will te 
connected by the relation 

Pi = mV- 

Fresnel further assumed that, when a body is in motion, part 
of the aether within it is carried along — namely, that part which 
constitutes the excess of its density over the density of aether 
in va/mo ; while the rest of the aether within the space occupied 
by the body is stationary. Thus the density, of aether carried 

♦ Phil. Trans., 1784, p. 35. 

t Trans. R. S. £din., i, Hist., p. 30. 

JBiot, Attron, Fhya„ 3rd cd., v, p. 364. The accuracy of Arago’s 
ezperiinent can scarcely have been such as to dcinoDStrate absolutely his 
result. 
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along is (pi - p) or (p’ - l)p, while a quantity of aether of 
densityjp remains at rest The velocity with which the centre 
of gravity of the aether 'within the body moves forward in the 
direction ofjpropagation is therefore 



where w denotes the component of the velocity of the body in 
this direction. This is to be added to the velocity of propags- 
'tion of the light- waves within the tody ; so that in the moving 
body the absolute velocity of light is 


Many years afterwards Stokes* put the same supposition in 
a slightly different form. Suppose the whole of the aether 
within the tody to move together, the aether entering the body 
in front, and being immediately condensed, and issuing from it 
behind, where it is immediately rarefied. On this assumption a 
mass pw of aether must pass in unit time across a plane of area 
unity, drawn anywhere within the tody in a direction at right 
angles to the tody’s motion ; and therefore the aether within 
the tody has a drift-velocity - wp/pi relative to the tody : so 
the velocity of light relative to the body will be Ci - wp/pi, and 
the absolute velocity of light in the moving body will be 


or 


<‘l + V' 


'SE 

pi 



as before. 


This formula was experimentally confirmed in 1851 by 
H. FizeaUjt who measured the displacement of interference- 
fringes formed by li^ht which had passed through a column of 
moving water. 


* Phil. Mag. xxviii (1846) p. 76* 

t Annales de Chimie^ Ivii (1859), p. 385. Also by A. A. Michelsoa and 
E. W. Morley, Am. Joum. Science, xxxi (1886), p. 377. 
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The same result may easily be deduced from an experimei^b 
performed by Hoek.* In this a beam of light was divided into 
two portions, one of which was made to pass 

® ” through a tube of water AB ami was then reflecte ' 
at a mirror C, the light being afterwards allowed to 
leturn to A without ^Missing through the water : 
while the other portion of tlie bifurcated team w as 
made to descrite the same path in the reverse 
order. i.e. passing thmugli tlie water on its return 
^ journey from (7 instead of on the out waul journey. 
On causing the two portions of the beam to inter- 
fere, Hoek found that no difteivnco of ])hase was produced 
between them w'hen tlie ap^wratus was (»riented in tlie direction 
of the terrestrial motion. 

Let w denote the velocity of tin* earth, supposed to he 
directed from the tube towards the minor. Let r//u denote the 
velocity of light in the w^ater at rest, and + tp the velocity 
of light in the w’ater when moving. Let / denote the length of 
the tube. The magnitude of the distance BC does not atleot 
the experiment, so we may supiM)se it zero. 

The time taken by the first portion of tlie beam to perform 
its journey is evidently 

^ ^ 

lifl + ^ C + VJ 

while the time for the second portion of the beam is 
I ^ 

C - VJ clfi - (j) + VJ 

The equality of these expressions gives at once, when terms 
of higher orders than the first in vjjc are neglected, 

^ 1 ) V)lfA\ 

which is FresneUs expression.f 

* Archives N6erl. iii, 180 (1868). 

t Fresnel’s law may also be deduced from the principle that the amount of light 
transmitted by a slab of transparent matter must be the same whether the slab is at 
lest or in motion : otherwise the equilibrium of exchanges of radiation would bo 
tiated. Gf. Larmor, Phil. Trans. cIxxxt (1893), p. 775. 
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On the basis of this formula, Fresnel proceeded to solve 
the problem of refraction in moving Ixwiies. Suppose that a 
prism Aq (7, ic carried along by the earth's motion in vamo, its 
face Au Co being at right angles to the direction of motion ; and 



tliat light from a star is incident normally on this face. The 
rays exi)erience no refraction at incidence ; and we have only to 
consider the effect produceil by the second surface Sup- 

I)Ose that tluring an interval r of time the prism travels from 
the ix)sition An Co Bo to the jwsition Ai Ci By, while the luminous 
disturbance at travels to Bi, and the luminous disturbance at 
A^^ travels to B, so that Bi D is the emergent wave-front. 

Then we have 

CJii = r 

AoD - Ti\ 

A^Ai = rw. 

A ' 

If we write CiAiBi - i, and denote the total deviation 
of the wave-froht by Si, we have 

All) = AoB - AiAq cos Si = TC - rw cos Si, 
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and therefore (neglecting second-order terms in wlc) 


sill AxBxD € - 1 C cos 8i 


sin t 


Ci-^W 

c* 


c w w ^ 

— + — - -r COS Oi. 

C| C (?i 


Denoting by 8 the value of 8. when w is zero, we have 

sin (i - 8) _ c 
sin i ^ Cl* 

Subtracting this ec]uation from the preceding, we have 

8 - 8 i w 

sin 8 * <• * 


Now the telescope by which the emergent wave-front Bi 1) 
is received is itself l)eing carried forward by the eartli’s moticui; 
and we must therefore apply the usual correction for aberration 
in order to find the a])parent direction of the emergent ray, lint 
this correction is \r sin8/f‘, and precisely counteracts the effect 
which has been calculated as due to the motion of the prism. 
So finally we see that the motion of the earth has no first-order 
influence on the refraction of light from the stars, 

Fresnel inferred frcan his formula that if oliservations were 
made with a telescojje filled with water, tlie aberration would be 
unaffected by the j)resence of the w\ater — a result which was 
verified by Airy* in 1871. He sliowed, moreover, that the 
apparent positions of terrestrial objects, carried along with the 
observer, are not displaced by the earth’s motion ; that experi- 
ments in refraction and interference are not influenced by any 
motion which is common to the source, apparatus, and observer ; 
and that light travels between given points of a moving material 
system by the path of least time. These predictions have also been 
confinned by observation : Kespighif in 1861, and Hoek+ in 1868, 
experimenting with a telescope filled with water and a terrestrial 
source of light, found that no effect was* produced on the 
phenomena of reflexion and refraction by altering the orienta- 


* Proc. Boy. Soc., xx, p. 36. 


tMem. Accad. Sci. Bologna, ii, p. 279. 
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tion (»f the apparatus relative to the direction of the earth's 
motion. E. Mascart* in 1872 discussed experimentally the 
question of the effect of motion of the source or recipient of 
light in all its bearings, and showed that the light of the sun and 
that derived from artificial sources are alike incapable of revealing 
by diffraction-phenomena the translatory motion of the earth* 

The greatest problem now confronting the investigators of 
light was to reconcile the facts of polarization with the principles 
jof the wave-theory. Young had long been pondering over this, 
but had hitherto been baffled by it. In 1816 he received a 
visit from Arago, who told him of a new experimental result 
which he and Fresnel had lately obtained! — namely, that two 
I)encils of light, polarized in planes at right angles, do not 
interfere with each (jther under circumstances in which ordinary 
light shows interference-phenomena, b\it always give by their 
reunion the same intensity of light, whatever be their difference 
of path. 

Arago had iK»t long left him when Young, reflecting on the 
new experiment, discovered the long-sought key to the mystery : 
it consisted in the very alternative which Bernoulli had rejected 
eighty years before, of supposing that the vibrations of light are 
eLxecuted at right angles to the direction of propagation. 

Young’s ideas were fii'st embodied in a letter to Arago, J 
dated Jan. 1 2, 1 8 1 7. '*1 have been reflecting,” he wrote, “ on the 

l)OS8ibility of giving an imperfect explanation of the affection 
of light which constitutes polarization, without departing from 
the genuine doctrine of undulations. It is a principle in this 
theory, that all undulations are simply propagated through 
homogeneous mediums in concentric sphericiil surfaces like the 

* Ann. de TEcole Noemale, (2) i, p. 157« 

t It was not published until 1819, in Annales de Chimie. x ; Fresnel's (Euvres, 
i, p. 509. By means of this result, Fresnel was able to give a complete explana- 
tion of a class of pbeitomena which Arago had discovered in 1811, viz. th&t when 
polarized light is transmitted through thin plates of sulphate of lime or mica, and 
afterwards analysed by a prism of Iceland spar, beautiful complementary colours 
are displayed. Young had shown that these effects are due essentially to inter- 
ference, but had not made clear the part played by polarization. 

t Y’oung’s fForks, i., p. 380. 
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undulations of sound, consisting simply in tho diroci und lolro- 
grade motions nt tlu* iMirticlcs in the direction of ilie ratlius, 
with their concomitant condensation and nind’actions. And 
yet it is jHissihle to explain in this theory a transverse vibration, 
projwgated also in the ilirection of the radius, ami with ennal 
velocity, the motums of the luirticles lieing in a certain constant 
diix'ction with respect t»> tliat radius ; and this is a pohinwiim." 

In an article on “ Chixmiatics,” which was written in 
September of the same year* for the supplement to the, 
Encyelopaedin Bntmmim, he stiys :f “ If we assume as a matlte- 
matical {wstulate, on the undulating theory, without attempting 
to demonstrate its physical foundation, that a transverse motion 
may be propagated in a direct line, we may derive from this 
assumption a tolerable illustration of the subdivision of polarized 
light by reflexion in an oblkpie plane,” by ” sjij^posing the polar 
motion to be i-osolved ” into tWM constituents, which fare 
difierently at reflexion. 

In a further letter to Anigo, dated A]»ril 29th, ISIS, Young 
recuned to the subject of transverse vihmtions, comparing light 
to the undulations of a c<ird agitatetl by one of its extremities.^ 
This letter was shown liv Arago to Fresnel, wlio at once saw 
that it preseiite<l the true explanation of the non-interference 
of lieams jtolarized in iMU jiendicular planes, and that the lattt'r 
effect could even Ijt^ made the Iklsis of a jiroof of the correctnes.s 
of Young’s hyjKjtlie.si.'* : for if the vibration of each beam Ik.* 
supjwsed resolved into three components, om* along tlie ray and 
the other two at riglit angles to it, it is obvious from the Arago- 
Fresnel experiment that the comiionents in the direction of tho 
ray must vanish: in other words, that the vibrations which 
constitute light are executefl in the wave-front. 

It must be rememljered tlxat the theory of the j)ropagation 
of waves in an elastic solid was as yet unknown, and light was 

♦ Peacock*8 Life of Young, p. 391. t Young^a Works, i., p. 279. 

{This analogy had been given by Tlooke in a communication to the Royal 
Society on Feb. 15, 1671-2. But there seems no reason to suppose that Hooke- 
appreciated the point now advanced by Young. . 
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still always iiitcnpreted by the analogy with tlie vibrations of 
sound in air, for which the direction of vibration is the same as 
that of propagation. It was therefore necessary to give some 
Justification for the new dejiartiire. With wonderful insight 
Fresnel indicated* the precise direction in which the theory of 
vibrations in ponderable bodies needed to be exteiidecl in order 
to allow of waves similar to those of light : “ the geometers,” he 
wrote, who have discussed the vibrations of elastic fluids hitherto 
.have taken account of no accelerating forces except those arising 
from tlie dittereuce of condensation or dilatation between conse- 
cutive layers.” He ixjinted out that if we also suppose the 
medium to possess a rigidity, or power of resisting distortion, such 
as is manifested by all actual solid bodies, it will be capable of 
transverse vibration. The absence of longitudinal waves in the 
aether he accounted for by supposing that the forces which oppose 
condensation are far more powerful than those whicli oppose 
distortion, and that the velocity witli which condensations are 
propagated is so great compared with the speed of the oscillations 
of light, that a practical eciuilibrium of pressure is maintained 
perpetually. 

The nature of ordinary non-polarized light was next discussed. 
“ If then,” Fresnel wrote, t " the polarization of a ray of light 
consists in this, that all its vibrations are executed in the same 
direction, it results from any hypothesis on the generation of 
light-waves, that a ray emanating from a single centre of dis- 
turbance will always be polarized in a definite plane at any 
instant. P)Ut an instant afterwards, the direction of the motion 
changes, and with it the plane of polarization; and these 
variations follow each other as quickly as the perturbations of 
the vibrations of the luminous particle : so that even if we could 

*Aniiales de Chiinie, xvii (1821), p. 180; iEuvrei^ i, p. 629. Young had 
already drawn attention to this point. ** It is difficult,” he says in his Lectuns on 
Natural Fhilosopliy, cd. IsOT, vol. i, p. 138, **to compare the lateral adhesion, or 
the force which resists the detriision of the parts of a solid, with any form of direct 
cohesion. This force constitutes the rigidity orhartiness of a solid body, and is 

wholly absent from liquids.” 


t Loc. cit., p. 185. 
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isolate the light of this partioular particle from thnl of other 
luminous particles, we should doubtless not recognizf in it any 
appearance of pidarization. If we consider now the efleet j>ro- 
diiced by the union of all the waves which omanatt* from the 
different points of a luminous body, wo see that at each instant, 
at a definite point of tlie aetlier, the general resultant of all the 
motions which commingle there will have a determinate 
dirt'ctiou, but this directum will vary from one instant t«> the 
next. So direct liglU can be considered as tiie union, nr more 
exactly as the rapitl succ ession, of systems of waves i)nlariztMl in 
all directions. According to this way of hioking at tin' matter, 
the act of polarization consists n(»t in creating tlies(' transvc'rse 
motions, but in decomp(»sing them in two invariable ilirections, 
and seiiiirating the components from each other; for then, in 
each of them, the oscillatory motions take place always in the 
same plane.*' 

He then proceeded to consider the relation of the direction of 
vibration to the plane of polarization. “ Apply these idejis to 
diJiible refraction, and regard a uniaxal crystal us an elastic 
medium in which tlie accelerating force which results from 
tlie displacement of a row of molecules perj>endicular to the 
axis, relative to contiguous rows, is tlie same all round the 
axis ; wliile the displacements parallel to the axis jiroduce 
accelerating forces of a <lifi'erent intensity, stronger if the 
erystul is repulsive/’ and weaker if it is “ attractive.” The 
distinctive character of the rays which are ordinarily refracted 
being that of propagating themselves with the sanuj velocity 
in all directions, we must admit that their oscillatory motions 
are executed at right angles to the plane drawn through these 
rays and the axis of the crystal; for then the displacements 
which they occasion, always taking place along directions 
perpendicular to the axis, will, by liypothesis, jilways give rise 
to the same accelerating forces. Ihit, with the conventional 
meaning which is attached to the expression of polarization^ 

the lilane of polarization of the ordinary rays is the plane 
through the axis : thus, in a pencil of polarized light, the 
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oscilbtfori/ motitm is exeauted at right angles to the pla.nc of 
polan 'jduni. 

This ri?siilt allonliMl Fresnel a foothoM in dealing with the 
pro])lern wliich occiipie<l the rest of his lih^ : henceforth liis aim 
was lo l>ase tlie theory of light on the <lynamical pro^jerties of 
the luminiferous medium. 

The first topic which he attacked from this point of view 
was tlu^ propagation of light in crystalline bodies. Since 
Brew>t(?r’s discovery that many crystals do not conform to the 
tyjie lo which Unygtuis’ construction is a])plicable, the wave 
theory had to some extent lost credit in this region. Fresnel, 
now, by wliat was iKu hai)s the most brilliant of all his efforts * 
not only r<H‘omjuereil the lost territory, but a<ld(Hl a new doiuaiu 
to science. 

He InnI, its In* ti*lls u.s himself, never Isdieved V\\e 
that in crystals then* are two diflm^iit Uimiiufeitm tuMVai, 
one to tranmit tlw onUrmn, ami fin* oflw 
waves. Tha :iltvnmti\r to whieb fa* tmliimi wm tlNtl 
vehs ities of pniji^igatiofi w^rn* tv^lly tin* 
equation, derivable in mtm way fiintii tlw tbmsf ittf A 
aether. (.o\ild this etpiaiinn tn* UTM f/f- 

fiiKliiij' tlM* explanation. n«t m\y 4 hat tim 

of the \koUu'iziititin l»y vrlnch it i>* alvkaytt <iii.'v^'<tU|NUiw<iL 

The first step was to take the e^itv of uniaxiil rrystal'*, 
whieh had Uvn dhaaissed by H»iy^en>. and t-* s««<* whether 
Huygens sphere and spheroiil <*ould Ik* ivplaci'd by, or iiiacfe 
depend on, a single surhice.f 

Now a wave propagated in any direction ihi'ongh a uniaxaJ 

* His first memoir on Double fiefraction was presented to the Academy on 
Nov. 1821, but has not been published except in his collected works; 

(Euvres, ii, p. 261. It was followed by other papers in 1822; and the results were 
finally collected in a memoir which was printed in 1827, Mm. de V Acad, vii, 
p. 46, (Euvres, ii, p.*479. 

t In attempting to reconstruct Fresnel’s course of thought at this period, the 
present writer has derived much help from the Life prefixed to the CBuvres dt 
Fresnel. Both Fresnel and Young were singularly fortunate in their biographers : 
Peacock’s Life of Yomg, and this notice of Fresnel, which was the last work of 
Verdet, are excellent reading. 
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crystal can be resolved into two plane-pularized components ; 
one of these, the “ ordinary ray,” is polarized in the principal 
section, and has a velocity which may he represented by the 
radius of Hnygens’ sphere — say, 

ri = 5 ; 

while the other, the “ extraonlinary ray,” is polarized in a plane 
at right angles to the principal sectirm, and has a wave- velocity Vi, 
which may he represented by the perpendicular drawn from the 
centre of Huygens’ s])lieroidon the tangent-jdane parallel to the' 
plane of the wave. If the si»hert)id be rt*preseiited by the 
equation 



and if (/, m, n) denote the direction-cosines of the normal to the 
plane of the wave, we havt? therefore 

ly =5 + '//*) -f Jrp, 

But the quantities 1/ri and l/r^, as given by these ecpiations, 
are easily seen to be the lengths of the semi-axes of the ellipse 
in whicli the spheroi«l 

//■(//* + c’) + - 1 

is intersected by the jdane 

//; + mff + = 0 ; 

ami thus the construction in terms of Huygens’ spliere and 
spheroid can be replaced by one wliich depends only on a single 
surface, namely the siiheroid 

-f z^) + = 1, 

Having achieved this reduction, Fresnel guessed that the 
case of biaxal crystals could be covered by substituting for the 
latter spheroid an ellipsoid with three unequal axes — say, 



Cl H Cs • 

If l/r, and 1/®, denote the lengths of the semi-axes of the 
^ellipse in which this ellipsoid is intersected by the plane 

lx 4 my + 7M! - 0, 
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it is well known that Vx and are the roots of the equation in v 


/• 







V' 


and accordiiij^ly Fresnel conjectured that the roots of this 
equation repr< 3 S(Mit tlie vel<Kdties, in a hiaxal crystal, of the two 
plane-polari/ed waves whose nonnals are in tlie direction 
(/, ?//, //). 

Having thus aiTive<l at his result by reasoning of a purely 
geometrical character, he now devised a dynamical scheme to 
suit it. 

The vibrating medium within a crystal he siqiposed to be 
ultimately constituted of jjarticles subjected to mutual forces; 
and on this assumption he showed that the elastic force of 
restitution when the system is disturbetl must depend linearly 
on the displacement. In this first imposition a ditierence is 
apparent between Fresners and a true elastic-solid theory; for 
in actual elastic solids the forces of restitution depend not on 
the absolute displacement, but on the strains, i.e., the relative 
displacements. 

In any mystal there will exist three directions at right 
angles to ea(*h ot her, for whieli the force of restitution acts in 
the same line as the displacement : the directions which possess 
this property are named amrs of elmficity. Let these be taken 
as axes, and suppose that the ehistic forces of i-estitution for 
unit displacements in these three directions are 1/fi, I/62, I/^s 
respectively. That the elasticity should vary with the direction 
of the molecular displacement seemed to Fresnel to suggest that 
the molecules of the material body either take part in the 
luminous vibration, or at any rate influence in some way the 
elasticity of the aether. 

A unit displacement in any arbitrary direction (o, / 3 , 7) can 
be resolved into component displacements (cos a, cos / 3 , cos 7) 
parallel to the axes, and each of these produces its own effect 
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independently ; so the components of the foicc of restitution are 
cos g cos /3 cos 7 

'> t • 

<i Cj 

This resultant force has not in general the same directhui 
as the displacement which produced it; but it may always 
be decomposed into two other foi*ces, one parallel and the other 
pei'pendicular to the direction of the displacement ; and the 
former of these is evidently 

cos- a cos- /3 cos- y 

il Cf 

The surface 
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will therefore have the property that the Sfpjare of its radius 
vector in any direction is proportional to the (Minijioneiit in that 
direction of the elastic force due to a unit displacement in that 
direction : it is called the Hur/uef of ehisfivU if. 

Consider now a displacement along one of the axes of the 
section on which the surhice of elasticity is intersect(*(l by the 
plane of the wave. It is easily seen that in this case the com- 
Ijonent of the elastic force at right angles tf) tla^ displacement 
’acts along the normal to the wave-front; and Fresnel assumes 
that it will be without intiuence on the propagation of the 
vibrations, on the ground of his fundamental hypothesis that the 
vibrations of light are performed solely in the wave-front. This 
step is evidently open to criticism ; for in a dynamical theory 
everything should be deduced from the laws of motion without 
special assumptions. But granting his contention, it follows 
that such a displacement will retain its direction, and will be 
propagated as a plane-polarized wave with a definite velocity. 

Now, in order that a stretched cord may vibrate with 
unchanged period, when its tension is varied, its length must be 
increased proportionally to the square root of its tension ; and 
similarly the wave-length of a luminous vibration of given period 
is proportional to the square root of the elastic force (per unit 
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displacement), which ui^es the molecules of the medium parallel 
to the wave-front. Hence the velocity of propagation of a 
wave, measured at right angles to its front, is proportional to 
the square root of the component, along the direction of dis- 
placement, of the elastic force per unit displacement ; and the 
velocity of propagation of such a pJane-polarized wave as we 
have considered is proportional to the radius vector of the 
surface of elasticity in the direction of displacement. 

Moreover, any displacement in the given wave-front can l)e 
resolved into two, which are resi)ectively parallel to the two 
axes of the diametral section of the surface of elasticity by a 
plane parallel to this wave-fr<mt ; and it follows from what has 
been said that each of these component displacements wiU be 
propagated as an independent plane-polarized wave, the velocities 
of propagation being proportional to the axes of the section,* 
and therefore inversely proportional to the axes of tiie section of 
the inverse sui'face of tliis with respect to the origin, which is 
the ellipsoid 
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lUit this is precisely the result to wliich, as we have seen, 
Fresnel had been led by purely geometrical considerations ; and 
thus his geometrical conjecture could now be regarded as 
substantiated hy a study of the dynamics of the medium. 

It is easy to determine the wave-surface or locus at any 
instant— say, / = 1 — of a disturbance originated at some previous 
instant — say,^ = 0— at some particular point— say, the origin. For 
this wave-surface will evidently be the envelope of plane waves 
emitted from the origin at the instant t = 0 — that is, it will be 
the envelope of planes 

lx + + 7iz - r = 0, 

where the constants /, m, 71 , v are connected by the identical 
equation * P + + tP = 1, 

* It is evident from this that the optic axest or lines of single wave-velocity, 
along which there is no double refraction, will be perpendicular to the two 
circular sections of the surface of elasticity. 

K 
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and by the relation previously fouml— namely. 


/• »(* w’ 

€l €3 €3 


= a 


By the usual procedure for detenniniug envelopes, it may lie 
shown that the locus in question is the surface of the fourth 
degree 

ill" - l 1 f3/ - I 


which is called Ftr.snel\'< innr-Hin'fatr* It is a two-sheeted surface, 
as must evidently be the case from pliysical considerations. In 
uniaxal crystals, for which €3 and £3 are equal, it degenerates into 
the sphere 

= lA., 

and tile spheroid 

£o./J- + €1 (/ + = 1. 

It is to these two surfaces that tangent-])lanes are drawn in 
the construction given by Huygens for the ordinary and 
extraordinary refracted rays in IcidamI spar. As Fresnel 
observed, exactly the same construction ajiplics to biaxal 
crystals, when the two sheets of the wave-surface are substi- 
tuted for Huygens’ sphere and .spheroid. 

“ Tiie theory which I have adopted,” says Fresnel at tiie end 
of this memorable paper, “ and the simple constructions which 
I have deduced from it, have this remarkable character, that 
all the unknown (piantities are determined together by the 
solution of the problem. We find at the same time the 
velocities of the ordinary ray and of the extraordinary ray, and 
their planes of polarization. Physicists who have studied 
attentively the laws of nature will feel that such simplicity and 


♦ Another construction for the wave-surface is the following, which is duo to 
MacGullagh, Coll, Work*^ ji. I . Let the ellipsoid • 

§jZ’ + * 1 

be intersected by a plane through its centre, and on the perpondiciilur to that plane 
take lengths equal to the semi-axes of the section. The locus of these extremities 
is the urave-surface. 
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such close relations between the different elements of the 
phenomenon are conclusive in favour of the hypothesis on 
which they are based.” 

The question as to the correctness of Fresnel's construction 
was discussed for many years afterwards. A striking conse- 
quence of it was pointed out in 1832 by William Eowan 
Hamilton (6. 1805, d, 1865), Koyal Astronomer of Ireland, who 
remarked* that the surface defined by Fresners equation has 
four conical points, at each of which there is an infinite number 
of tangent planes ; consequently, a single ray, proceeding from 
a point within the crystal in the direction of one of these 
points, must be divided on emergence into an infinite number of 
rays, constituting a conical surface. Hamilton also showed 
that there are four planes, each of which touches the wave- 
surface ill an infinite number of points, constituting a circle of 
contact : so that a corresponding ray incident externally should 
bo divided within the crystal into an infinite number of refracted 
rays, again constituting a conical surface. 

These singular and unexpected consequences of the theory 
were shortly afterwards verified experimentally by Humphrey 
Lloyd, t and helped gieatly to confirm belief in Fresnels theory. 
It should, however, be observed that conical refraction only 
sliows his form of the wave-surface to be correct in its general 
features, and is no test of its accuracy in all details. But it 
was shown experimentally by Stokes in 1872, J Glazebrook in 
1879, § and Hastings in 1887,11 that the construction of Huygens 
and Fresnel is certiiinly correct to a very high degree of 
approximation; and Fresners final formulae have since been 
regarded as unassailable. The dynamical substructure on 
which he based them is, as we have seen, open to objection ; 

• Trans. Roy. Irish Acad., xvii (1833), p. 1. 

t Trans. Roy. Irish Acad., xvii (1833), p 146. Strictly speaking, the bright 
cone which is usually observed arises from rays odjaceHt to the singular ray : 
the latter can, however, •be observed, its enfeeblement by dispersion into the 
conical form causing it to appear dark. 

t I*roc. R. S., XX, p. 443. 

^ Phil. Trans., clxxi, p. 421. 

II Am. Jour. Soi. (3), xxxvs p. 60. 

K 2 
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but, as Stokes observed*: “If we reflect on the state of tho 
subject as Fresnel found it, and as he left it, the wonder is, not 
that he failed to give a rigoi*ou8 dynamical theory, but that a 
single mind was capable of efiecting so much.*’ 

In a second supplement to his first memoir on Double 
Befraction, presented to the Academy on November 26th, 182 l,f 
Fresnel indicated the lines on w’hich his theory miglit be 
extended so as to take account of dispersion. “ The molecular 
groups, or the particles of bodies,” he wrote, “ may be separated 
by intervals wdiich, though small, are certainly not altogether 
insensible relatively to the length of a wave.” Such a coarse- 
grainedness of the medium would, as lie foresaw, introduce into 
the equations terms by which disj)ei*sion might be explained ; 
indeed, the theory of dispersion which was afterwards given by 
Cauchy was actually based on this principle. It seems likely 
that, towards the close of his life, Fresnel was contemplating a 
great memoir on dispersion, J which was never completed. 

Fresnel had reason at first to be jileased with the reception of 
his work on the optics of crystals : for in August, 1822, Laplace 
spoke highly of it in public ; and when at the end of the year a 
seat in the Academy became vacant, he was encouraged to hope 
that the choice would fall on him. In this he was disappointed. § 
Meanwhile his researches were steadily continued ; and in 
January, 1823, the very month of his rejection, he jiresented to 
the Academy a theory in which reflexion and refraction|i are 
referred to the dynamical properties of the luminiferous media, 

* Brit. Abboc. Rep., 1862, p. 254. 

t (Euvrea^ ii, p. 438. 

J Cf. the biography in (Euvre» de Fre$nelt i, p, xcvi. 

{ Writing to Young in the Bpring of 1823, be says : ** Tous ces mSmoires, 
que dernibrement j’ai prdsentes coup sur coup h 1* Academia des Sciences, ne 
m*en ont pas cependant ouvert la porte. O’est M. Dulong qui a cte nomine 
pour remplir la plac^ vacante dans la section de physique. . . Vous voyez, 
Monsieur, que la theorie des ondulations ne m’a point port6 bonheur : mais cela 
ne m*en ddgodte pas : et je me console de ce malheur en m* occupant d*optique 
avec une noiivelle ardeur.’* 

B The MSS. was for some time beliered to be lost, but was ultimately found 
among the papers of Fourier, and printed in Mem. de I’Acad. zi (1832), p. 393 : 
i, p. 767. 
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As in his previous investigations, he assumes that the 
vibrations which constitute light are executed at right angles 
to the plane of polarization. He adopts Young’s principle, that 
reflexion and refraction are due to differences in the inertia of 
the aether in different material bodies, and supposes (as in 
his memoir on Aberration) that the inertia is proportional to 
the inverse square of the velocity of propagation of light in 
the medium. The conditions which he proposes to satisfy at the 
interface between two media are that the displacements of the 
adjacent molecules, resolved parallel to this interface, shall be 
equal in the two media ; and that the energy of the reflected 
and refracted waves together shall be equal to that of the 
incident wave. 

On these assumptions the intensity of the reflected and 
refracted light may be obtained in the following way : — 

Consider first the ease in which the incident light is 
polarized in the plane of incidence, so that the displacement is 
at right angles to the plane of incidence ; let the amplitude 
uf the displacement at a given point of the interface be / 
for the incident ray, <j for the reflected ray, and h for the 
lefracted ray. 

The quantities of energy propagated per second across unit 
cross-section of the incident, reflected, and refi’acted beams are 
proportional respectively to 

where Ci, Cj, denote the velocities of light, and pi, pj the densities 
of aether, in the two media ; and the cross-sections of the beams 
which meet the interface in unit area are 

cos i, cos ?, cos r 

respectively. The principle of conservation of energy therefore 
gives • 

e,pi cos i . /* = c,pi COB i . ff'‘ + Ctpt cos r . h\ 

The equation of continuity of displacement at the interface is 

f + ff = A. 
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Eliminating h between these two equations, ami using the 
formulae 

sin’ r _ fj® _ />, 
sin* i r,’ pj ’ 

we obtain the equation 

Z. = _ - ^’) 

g sin {i + r) 

Thus when the light is polarizeil in the plane of reflexion, the 
amplitude of the reflected wave is 
sill 7*) 

— -i X the amplitude of the incident vibration. 

sin (i + >•) 

Fresnel shows in a similar way that when the light is 
polarized at right angles to ttie plane of rellexion, tlie ratio of 
the amplitudes of the reflected and incident waves is 

tan (/ - ?*) 
tan (? + r) 

These formulae are generally known as FresnePs dne4av’> and 
FremeVs tan(jent4av> respectively. They had, however, been 
discovered experimentally hy Brewster some years previously. 
When the incidence is perpendicular, so that i and r are very 
small, the ratio bf the amplitudes liecomes 

T ^ 

Limit ^ , 

2 + ?• 

or 

/i2 + jUl * 

where /U 2 and jjli denote the refractive indices of tlie media. 
This formula had been given j>reviously by Young* and Poisson, f 
on the supposition that the elasticity of the aetlier is of the 
same kind as that of air in sound. 

When r « 90"^, tan (i + r) becomes infinite: and thus 
a theoretical explanation is obtained for Brewster’s law, that if 
the incidence is such as to make the reflected and refracted raya 


* ‘G'nAv/tl ^riff Siinnl. 


t M^*m. Inst. ii. 
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peqxjiidicular to eacli other, the reflected light will be wholly 
polarized in the plane of reflexion. 

Fresners investigation can scarcely be called a dynamical 
theory in the strict sense, as the qualities of the medium are 
not defined. His method was to work l)ackwards from the 
known properties of light, in the hope of arriving at a mechanism 
to which they could be attributed ; he succeeded in accounting 
for the phenomena in terms of a few simple principles, but was 
not able to s])ecify an aether which would in turn account for 
these principles. The “displacement” of Fresnel could not be 
a displacement in an elastic solid of the usual type, since its 
normal comix)nent is not continuous across the interface between 
two media.* 

The theory of ordinary reflexion was completed by a dis- 
cussion of tlie case in which light is reflected totally. This had 
formed the subject of some of FresneFs experimental researches 
several years before ; and in tw’o paperst presented ' to the 
Academy in November, 1817, and January, 1818, he had shown 
that light polarized in any plane inclined to the plane of reflexion 
is partly “ depolarized ” by total reflexion, and that this is 
due to difl’erences of phase wdiich are introduced between the 
components i>olarized in and perpendicular to the plane of 
reflexion. “When the reflexion is total,” he said, “rays 
polarized in the plane of reflexion are reflected nearer the 
surface of the glass than those polarized at right angles to the 
same jdane, so that there is a difference in the paths described.” 

This change of phase he now deduced from the formulae 
already obtained for ordinary reflexion. Considering light 
polarized in the plane of reflexion, the ratio of the amplitudes of 
the reflected and incident light is, as we have seen, 

sin (/ - r) 

• ^ sin (i + r) ' 

when the sine of the angle of incidence is greater than 

* FresnePs theory of reflexion can, however, be reconciled with the electro- 
magnetic theory of light, by identifying his ** displacement with the electric 
force, t (Euvres de Fresnel, i., pp. 441, 487. 
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80 that total reflexion takes place, this ratio may be written in 
the form 




where 0 denotes a real quantity defined by the equation 


tan = 


(Ml* sin* i - 
/ii cos / 


Fresnel interpreted this expression to mean that the 
amplitude of the reflected light is equal to that of the incident, 
but that the two waves difter in pluise by an amount 6. The 
case of light polarized at right angles to the plane of reflexion 
may be treated in the same way, ami the resulting formulae are 
completely confirmed by experiment. 

A few months after the memoir on reflexion had been 
presented, Fresnel was elected to a seat in the Academy; and 
during the rest of his short life honours came to him both from 
France and abroad. In 1827 the Koyal Society awarded him 
the Eumford medal ; but Arago, to whom Young had confided 
the mission of conveying the medal, found him dying; and 
eight days afterwards he breathed his last. 

By the genius of Young and Fresnel the wave- theory of 
light was established in a j)osition which has since remained 
• unquestioned ; and it seemed almost a work of supererogation 
when, in 1850, Foucault* and Fizeau,t canying out a plan long 
before imagined by Arago, directly measured the velocity of 
light in air and in water, and found that on the question so 
long debated between the rival schools the adherents of the 
undulatory theory had been in the right. 


Comptes Kendus, zxx (1850), p. 551. 


t Jbid., p. 562. 
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CHAPTER V. 

THE AETHER AS AN ELASTIC SOLID. 

When Young and Fresnel put forward the view that the 
vibrations of light are performed at right angles to its direction 
of propagation, tliey at the same time pointed out that this 
peculiarity might be explained by making a new hypothesis 
regarding the nature of the luminiferous medium ; namely, that 
it possesses the power of resisting attempts to distort its shape. 
It is by the possession of such a power that solid bodies are 
Klistinguished from fluids, which offer no resistance to distortion; 
the idea of Young and Fresnel may therefore be expressed by 
the simple statement that the aether behaves as an elastic solid. 
After the death of Fresnel this conception was developed in a 
brilliant series of memoirs to which our attention must now be 
directed. 

The elastic-solid theory meets with one obvious difficulty at 
the outset. If the aether has the qualities of a solid, how is it that 
the planets in their orbitiil motions are able to journey through 
it at immense speeds without encountering any perceptible 
resistance ? This objection was first satisfactorily answered by 
Sir George Gabriel Stokes* (6. 1819, rf. 1903), who remarked 
that such substances as pitch and shoemaker’s wax, though so 
rigid as to be capable of elastic vibration, are yet sufficiently 
plastic to permit other bodies to pass slowly through them. 
The aether, he suggested, may have this combination of qualities 
in an extreme degree, behaving like an elastic solid for vibrations 
so rapid as those of light, but yielding like a fluid to the much 
slower progressive ijiotions of the planets. 

Stokes’s explanation harmonizes in a curious way with 
Fresnel’s hypothesis that the velocity of longitudinal waves in 

* Trans. Canib. Phil. Soc., viii, p. 287 (1846). 
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the aether is indefinitely great compared with that of the 
transverse waves ; for it is found hy experiment witli actual 
substances that the ratio of the velocity of projwigatiou of 
longitudinal waves to that of transverse waves increases 
rapidly as the medium 1)ecumes softer and more plastic. 

In attempting to set forth a iMirallel l)etween light and the 
vibmtions of an ehtstic substance, tlie investigator is compelled 
more than i»nee to make a choice l>etween alternatives. He 
may, for instance, suppose that tl)e vibrations of tlie aether are 
executed either parallel tt» tlie piano of polarization of the light 
or at right angles to it ; and he may suppose tliat the diflereiit 
refractive jiowers of ditVerent media are duo either to diflerences 
in the inertia of the aether within the media, or to diflerences 
ill its power of resisting distortion, or to both these causes 
combined. Tliere are, moreover, several distinct iiaHhods for 
avoiding the difficulties caused by the presence of longitudinal 
vibrations ; and as, alas 1 we shall see, a further source of 
diversity is to he found in that liability to error from which no 
man is free. It is therefore not surprising that the list of 
elastic-solid theories is a long one. 

At the time when the transversality of light was dis- 
covered, no general method had ]>eeii developed for investi- 
gating mathematically the proptuties of elastic bodies; but 
under the stimulus of Fresiiers discoveries, some of the best 
intellects of the age were attracted to the suliject. The volume 
of Memoirs of the Academy which contains Fresiiers theory of 
crystal-optics contains also a memoir by Claud Louis Marie 
Henri Xavier* {h. 17^5, d, 18:>6), at that time l*rofessor of 
Mechanics in Paris, in which the correct eijuations (jf vibratory 
motion for a xiarticular type of elastic solid were for the first 
time given. Xavier supposed the medium to bo ultimately 
constituted of an immense number of particles, which act on 
each other with forces directed along the lines joining them, and 
depembng on their distances apart ; and sliowed that if e denote 

* Mem. de I’Acad. vii, p. 375. The memoir was presented in 1821, and 
published in 1827. ' 
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the (vector) displacement of the particle, whose undisturbed 
position is {x, y, z), and if p denote tlie density of the medium, 
the equation of motion is 


P 




- grad div e - w curl curl e, 


where n denotes a constant wliich measures the rigidity, or 
power of resisting distcutifui, of the medium. All such elastic 
properties of tlie l)o<ly as the velocity of propagation of waves 
in it must evidently depend on the ratio njp. 

•Among the referees of one of Xavier’s papers was Augustine 
Louis Cauchy (/v. 17H0, d. 1857), one of the greatest analysts of 
the nineteenth century,* who, becoming interested in the 
question, published in 1828t a discussion of it from an entirely 
dilRferent point of view. Instead of assuming, as Xavier had 
done, that the medium is an aggregate of point-centres of force, 
and thus involving himself in doubtful molecular hypotheses, 
he devised a method of directly studying the elastic properties 
of matter in ljulk, and by its means showed that the vibrations 
of an isotropic s<did are determined by the equation 


a^e 



div' e - n curl curl e : 


here n denotes, as before, the constant of rigidity; and the 
constant k, vvhicli is called the viodvlus of compression denotes 
the ratio of a pressure to the cubical compression produced by 
it. Cauchy’s ecpiatioii evidently differs from Xavier’s in that 


* Hamilton’s opinion, written in 1833, is worth repeating : “ The principal 
theories of algebraical analysis (under which I include Calculi) require to be 
entirely remodelled ; and Cauchy has done much already for this great object. 
Poisson also has done much ; but he does not seem to me to have nearly so logical a 
mind as Cauchy, great us his talents and clearness are ; and both are in* my 
judgment very far inferior to Fourier, whom I place at the head of the French 
School of Mathematical 4?hilosophy, even above Lagrange and Laplace, though 1 
rank their talents above those of Cauchy and Poisson.” {Life of Sir JF. JR. 
Hamilton, ii, p. 68.) * 

t Cauchy, JSxereices tie Mathhuatiques iii, p. 160 (1828). 

X This notation was introduced at a later period, but is used hero in order to 
avoid 8ubse<xuent changes. 
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two constants, h and n, appear instead of one. The reason for 
this is that a body constituted from point-centres of force in 
Navier’s fashion has its moduli of rigidity 'and compression 
connected by the relation* 

1 5 

k»-n. 

Actual boilies do not necessarily obey this condition ; e.g. 

5 

for india-rubber, A* is much larger than ~ n ;t and there seems to 

be no reason why we should impose it on the aether. 

In the same year roissonj succeeded in solving the diffe- 
rential equation which had tlius shown to determine the 
wave-motions jiossible in an elastic solid. The solution, which 
is both simple and elegant, may l»e ilerived as follows : — Let the 
displacement vector e he resolved into two components, of 
which one c is circuital, or satisfies the condition 

div 0 = 0, 

while the other b is irrotatioual, or satisfies the condition 

curl b = 0. 

The equation takes tlie form 

* la order to construct a body whose elastic properties are not limited by this 
equation, William John Macquom Kankine (b, 1820, d, 1872) considered a con- 
tinuous fluid in which a number of point-centres of force are situated : the fluid is 
supposed to he partially condensed round these centres, the elastic atmosphere of 
each nucleus being retained round it by attraction. An additional volume-elasticity 
due to the fluid is thus acquired ; and no relation between k and n is now necessary. 
Of. Rankine*8 Miscellaneous Sdeniifie Papers, pp. 81 sqq. 

Sir William Thomson (Lord Kelvin), in 1889, formed a solid not obeying 
Na%ier*8 condition by using pairs of dissimilar atoms. Gf. Thomson’s Papers, 
iii, p. 395. Cf. also Baltimore Lectures, pp. 123 sqq. 

tit may, however, be objected that india-rubber and* other bodies which 
fail to fulfil Navier’s relation are not true solids. On this historic controversy, 
cf. Todhunter and Pearson’s History of Elasticity, i, p. 496. 

t Mem. de I’Acad., viii (1828), p. 623. Poisson takes the equation in the 
restricted form given by Navier ; but this does not affect the question of wave- 
propagation. 
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. The terms which involve b and those which involve o most 
be separately zero, since they represent respectively the irrota- 
tional and the circuital parts of the equation. Thus, e satisfies 
the pair of equations 

p ^ “ mV*c, div c = 0 ; 

while b is to be determined from 

^ + I curl b = 0. 

A particular solution of the equations for c is easily seen to be 

Cz - A sin - t ^ sin \^z - t ~ 

which represents a transverse plane wave propagated with 
velocity ^/(n/p). It can be shown that the general solution of 
the differential equations for c is formed of such waves as this, 
travelling in all directions, superposed on each other 
A particular solution of the equations for b is 

= 0, dy « 0, = (7 sin X f ^ 

which represents a longitudinal wave propagated with velocity 

+ ^n)/p ; 

the general solution of the difterential equation for b is formed 
by the superposition of such waves as this, travelling in all 
directions. 

Poisson thus discovered that the waves in an elastic solid 
are of two kinds : those in c are transverse, and are propagated 
with velocity (n/p )^ ; while those in b are longitudinal, and are 
propagated witl\ velocity + ^n)/p]K The latter are* waves 
of dilatation and condensation, like sound-waves ; in the c-waves, 
on the other hand, the medium is not dilated or condensed, but 

* Cf. Stokes, the Dynamical Problem of Diffraction,” Camb. Phil. 

Trans., ix (1849). 
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only distorted in a manner consistent with the pres* ‘rvait ion of a 
constant density.* 

The researches whicli have been inentumeil liitherlo hav<5 
all l>een concerned with isotropic bodies. Cancliy in 
extended the equations to the case of crystallino substances. 
Tins, however, he accomplished tady by revertinj^^ t«) Navier’s 
plan of conceiving an elastic body as a cluster of particles which 
attract each other with f<»rces depemling nn their disiauces apart : 
the aelotropy he accounted for by supj»osing the jhirticles to be 
]»acked imuv closely in some directions than in others. 

The general eipuitions thus o]>taineil for the vibrations of an 
elastic Solid contain twenty-one ciaistants; six of tla^sc depend 
on the initial stres.s, so that if the body is initially without 
stress, only fifteen constants are involved. If, retaining the 
initial stress, the medium is supposed to be symmetrical with 
respect to thii^e mutually orthogonal planes, the twenty-one 
constants reduce to nine, and the eiiuations which determine 
the vibrations may l)e written in the formt 


W 


(« ^ + {/« T //) + (// 


■f 


d ( dCr J f>f’y <'Cs 

c/;\ (‘X oi/ '' fjz 


and tw'o similar equations. The three constants f/, //, / re- 
present the .stres.ses across planes parallel to the coordinate 
|>lanes in the undisturbed .state of the aethcr.§ 


* It may easily be shown that any ilisturbance, in either isotropic or frystallinc 
media, for which the direction of vibration of the molecules lies in the wave-front 
or surface of constant pha^e, mint satisfy the eijitation 

div 0 = 0, 

where 0 denotes the displacement; if, on the other hand, the direction of vibration 
of the molecules is perpendicular to the wave -front, the disturbance must satisfy 
the equation 

curl 0 = 0. 

These results were proved by M. O’Brien, Trans. Gamb. Phil. Soc., 1842. 
t Exerciees de Math,j iii (1828), p. 188^ 

X These are substantially equations (68) on page 208 of the third volume of 
the Exercieet. 

§ 6', lif I are tensions when they are positive, and pressures when they are 
negative. 
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On the basis of these equations, Cauchy worked out a 
theory of light, of which an instalment relating to crj’^stal-ojjtics 
was presented ti^ the Academy in 1830.* Its characteristic 
features will now be sketched. 

1 Jy substitution in the equations last given, it is found that 
when the wave-front of the vibration is parallel to the plane 
of the velocity of propagation must be (A + G)^ if the vil^ration 
takes })lace parallel to the axis of ?/, and (// + G)^ if it takes jdace 
parallel to the axis of z, Similarly when the wave-front is 
l)arallel to tlie ]>lane of the velocity must be (A + if the 
vibration is parallel to the axis of ./*, and (/+ if it is parallel 
to the axis of z\ and when the wave-front is parallel to the 
plane of xy, the velocity must be {y + /)i if the vibration is parallel 
to the axis of x, and (/ + /)i if it is parallel to the axis of y. 

Now it is known from experiment that the velocity of a 
ray polarized parallel to one of the planes in question is the 
same, whether its direction of propagation is along one or the 
other of the axes in that plane: so, if we assume that the 
vibrations which constitute light are executed parallel to the 
plane of polarization, we must have 

/+//=/+/, y + I = y^G, A + ^=A+f?; 
or, G^H^L 

This is the assumption made in the memoir of 1830 : the theoiy 
based on it is generally known as Cauchy's First Theory the 
equilibrium pressures G, /, being all equal, are taken to be zero. 

If, on the other hand, we make the alternative assumption 
that the vibrations of the aether are executed at right angles to 
the plane of polarization, we must have 

A + = y + J, / + / = A + G, + Ct =/ + H\ 

* Mem. de I’Acad., x, p. 293. 

In the previous )’ear (Mem. de TAcad., Ix, p. 114) Cauchy had stated that the 
e(iuations of elasticity lead in the case of uniaxol crystals to a wave-surface of 
which tw'o sheets are a sphere and spheroid as in Huygens* theory. 

t The equations and results of Cauchy’s First Theory of crystal-optics were 
independently obtained shortly afterwards by Franss Ernst Neumann {i. 1798, 
d, 1895) : cf. Ann. d. Phys. xxv (1832), p. 418, reprinted as No. 76 of Ostwald’s 
Klaasikw der exakten irissenseha/teft, with notes by A. W^’angerin. 
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the theory based on this su}>iK)sition is known as Cntirhifa 
Second Theory : it was published in 18;56.* 

In both theiiries, Cauchy iiuposos the condition that the 
section of two of the sheets of the wave-surface niatl<‘ by any 
one of the coordinate jdanes is to J>e formed of a ( irele and an 
ellipse, as in Fresnel’s theory ; this yields the three conditions 

Zhc =/(b + (■ +/) ; = if{r + o + y) ; r, h (,i + h + h). 

Thus in the tii'st tlieory we have these togetlier with tlio 
equations 

f/ = 0, 7/’=0, /^O. 

which express the condition that the nndisturl)eil slate of tin? 
aether is unstressed : and the aethereal vibi’ations are executeil 
parallel to the plane of polarization. In the second theory we 
have the three first equations, together with 
/• - <} = li - 1 = ./ - If : 

and the plane of polarization is interpreted to l)c tlio plain' ut 
right angles to the direction of vibration of the ai'thor. 

Either of Cauchy’s theories accounts tolerably well for the 
phenomena of crystal-optics; but the wave-surface (or ratlu'r 
the two sheets of it which corresiiond to nearly transverse 
waves) is not exactly Fresnel’s. In both theories the existence 
of a third wave, formed of nearly longitudinal vibrations, is a 
formidable difficulty. Cauchy himself anticipated that the 
existence of these vibrations would ultimately be demonstrated 
by experiment, and in one placet conjectured that they might 
be of a calorific nature. A further objection to Cauchy’s 
theories is that the relations l)etween the constants do not 
appear to admit of any simple physical interpretation, being 
evidently assumed for the sole ]>urpo8e of forcing the formulae 
into some d^ree of conformity with the results of experiment. 
And further difficulties will appear when we proceed subse- 
quently to compare the properties which are assigned to the 
aether in crystal-optics with those which must bo postulated in 
order to account for reflexion and refraction. 

* ComptM Bendua, ii (1836), p. 341 : M£m. da I'Acad. zviii (1839), p. 163. 
t Him. da I’Acad. XTiii, p. 161. 



The Aether as an Elastic Solid. 


145 


To the latter problem Cauchy soon addressed himself, his 
investigations being in fact published* in the same year (1830) 
as the first of his theories of crystal-optics. 

At the outset of any work on refraction, it is necessary to 
assign a cause for the existence of refractive indices, i.e. for the 
variation in the velocity of light from one body to another. 
Huygens, as we have seen, suggested that transparent bodies 
consist of hard particles which interact with the aethereal matter, 
modifying its elasticity. Cauchy in his earlier papers t followed 
tliis lead moie or less closely, assuming that the density of the 
aether is the same in all media, but that its rigidity n varies 
from one medium to another. 

Let the axis of x be taken at right angles to the surface of 
separation of the media, and the axis of :: parallel to the inter- 
section of this interface with the incident wave-front; and 
suppose, first, that the incident vibration is executed at right 
angles to the idane of incidence, so that it may be represented 
by 

Cs « .r cos i - y sin i + 

where i denotes the angle of incidence ; the reflected wave may 
be represented by 

= F (^x cos i - y sin i + 

and the refracted wave by 

Cs = /i X cos r - y sin r + 

where r denotes the angle of refraction, and ii the rigidity of 
the second medium. 

To obtain the conditions satisfied at the reflecting surface,. 

' Cauchy as8umed*(without assigning reasons) that the x- and 
y-components of the stress across the a;y-plane are equal in 

* Bull, des Sciences Math. xiv. (1830), p. 6. 
t As will appear, his views on this subject subsequently changed. 

L 
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the media on eithev side tlie intorface. 
present ease that the (luantities 


n 




and 



This implies in tlio 


are to W continuous across the interfact'!: so we h ive 


n cos i\ {/* - F') = n voH r , f \ ; n sin / . F) ^ n sin r 

Eliminating/',, we have 

F' sin (r - i) 
f sin (r 4 * i) 

Now this is Fresnels sine-law for the mtio of the intensity 
of the reflected ray to that of the incident ray ; and it is known 
that the light to which it applies is that which is polarized 
parallel to the plane of incidence. Thus Cauchy was driven 
to the coticluaion that, in order to satisfy the known facts 
of reflexion and lefraetion, the vibrations of the aether must he 
supposed executed at right angles to the plane of polarization 
of the light. 

The cast3 of a vibration iH'rforiutHl in tlie plane of incidence 
he discussed in the swiine way. It was found that Kresiud’s 
tangent-law could lx; obtained by assuming that Cr and the 
nonnal pressure across the interface have equal values in thi; 
two contiguous media. 

The theory thus advanced was encumliered with many difh- 
cultie.s. In the first place, the i»lentificatioii of the jdane of 
polarization with the plane at right angles to the direction of 
vibration was contrary to the only theory of crystal-o])tic.s which 
Cauchy had as yet published. In the second place, no reasons 
were given for the choice of the conditions at the interface. 
Cauchy’s motive in selecting these particular conditions was 
evidently to secure the fulfilment of Fresnel’s sine-law ami 
tangent-law; but the results are inconsistent with the true 
boundary-conditions, which were given later by Green. 

It is probable that the results of the theory of reflexion had 
much to do with the decision, which Cauchy now made,* to 


*Compte8 Rendut, ii. (1836), p. 341. 
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rejec b the first theory f)f crystal-optics in favour of the second. 
After* 1836 he consistently adhered to the view that the vibra- 
tions of tiie aether are performed at right angles to the plane of 
polarization. In that year he made another attempt to frame a 
satisfactory theory of reflexion ,* based on the assumption just 
mentioned, and on the following boundary-conditions: — At 
the interface between two media curl e is to be continuous, and 
(taking the axis of x normal to the interface) dcxldo: is also to 
bo continuous. 

Again we find no very satisfactory reasons assigned for the 
choice of the boundary-conditions ; and as the continuity of e 
itself across the interface is not included amongst the conditions 
chosen, they are obviously open to criticism ; but they lead to 
FxesneFs sine- and tangent-equations, which correctly express 
the actual behaviour of lightf Cauchy remarks that in order to 
justify them it is necessary to abandon the assumption of his 
earlier theory, that the density of the aether is the same in all 
material bodies. 

It may be remarked that neither in this nor in Cauchy’s 
earlier theory of reflexion is any trouble caused by the appear- 
ance of longitudinal waves when a transverse wave is reflected, 
for the simple reason that he assiunes the boundary-conditions to 
be only four in number ; and these can all be satisfied without 
the necessity for introducing any but transverse vibrations. 

These features bring out the weakness of Cauchy’s method of 
attacking the problem. His object was to derive the properties 
of liglit from a theory of the vibrations of elastic solids. At the 
outset he had already in his possession the differential equations 
of motion of the solid, which were to be his starting-point, and 
the equations of Fresnel, which were to be his goal. It only 

* Comptes Bendus, ii. (1836), p. 341: ** Memoire sur la dispersion delalumi^re ” 
(Nomeaux exercices de Math,, 1836), p. 203. 

t These boundary-copditions of Cauchy’s are, as a matter of fact, satisfied by 
the electrio force in the electro-magnetic theory of light. The continuity of 
curl e is equivalent to the continuity of the magnetic vector across the interface, 
and the continuity of dejtjdx leads to the same equation as the continuity of 
the component of electric force in the direction of the intersection of the 
interface with the plane of incidence. 
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remained to supply the huuudary-coiuUtious at an intorfuce, 
which aiv requiretl in the discussion of ivtlexion, and tlie 
I'elatiuns between the elastic constants of the solid, wliich are 
required in the optics of crystals, (’auchy seems lo havi> c-on- 
sideml the »iuestion from the jmrely analytical imint of view. 
Given certain »litterential equations, what supphnnentary con- 
ditions must 1 h* adjoined t»> them in ordt*r to produce a yiveii 
analytical result ?' The prohlein when .stated in this form 
admits of nioit' than one solution ; and hence it is not/jurprisino 
that within the si>ace of ten yeai-s the ox^at French luathc- 
maticiaii produced two distinct theories of crystal-optics and 
three distinct theories of reflexion,* almost all yielding correct 
or nearly convct final formulae, and yet mostly ineconcilable 
with each other, and involving inccwTect boundary-conditions 
and improbable relations between elastic constants. 

Cauchy's theories, then, resemble Fresuel’s in postulating 
types of ela-stic solid which do not exist, and for who.se 
assumed pi-o[)i*rties no dynamical justification is offered. The 
same objection applies, though in a lc.sa degree, to the original 
form of a theory of reflexion and ndraction which was 
discovered about this timet almost simultaneously by .rames 
MacCnllagh (i. 1809, </. 1847). of Trinity College, lJublin, 
and Franz Neumann (/<. 1798, d. 1895), of Konigslajig. To 
these uuthore Is <lue the merit of having extended the laws 
of reflexion to ciysUllinc media; but tlie principles (>f the 
theory were originally derived in connexion with the simpler 
case of isotropic metlia, to which our attention will for the 
present be confine<l. 

* 0n« yet remains to be mentioned. 

f The outlines of the theory were published by MacCullugh in firit. Assoc. Hop. 
1835 ; and his results were given in Phil. Mag. x (Jan., 1837)) and in Proc. 
Hoyal Irish Acad, xviii. (Jan., 1837). Neumann’s memoir was presented to the 
Berlin Academy towards the end of 1835, and published in 1837 in Abh. Berl. 
Ak. aus dem Jahre 1835, Math. Klasse, p. 1. So far aS* publication is concerned, 
the priority W'ould seem to belong to MacCullagh; but there arc reasons for 
believing that the priority of discovery really rests with Neumann, who had 
arrived at his equations a year before they were communicated to the Berlin 
Academy. 
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MacCiillagh and Neumann felt that the great objection 
to Fj esnel’s theory of reflexion was its failure to provide for 
the continuity of the normal component of displacement at the 
interface between two media ; it is obvious that a discontinuity 
in this component could not exist in any true elastic-solid 
theory, since it would imply that the two media do not remain 
in contact. Accordingly, they made it a fundamental con- 
dition that all three components of the displacement must be 
continuous at the interface, and found that the sine-law and 
tangent-law can be reconciled with this condition only by 
supposing that the aether- vibrations are parallel to the plane of 
polarization : which supposition they accordingly adopted. In 
place of the remaining three true boundary-conditions, however, 
they used only a single equation, derived by assuming that 
transverse incident waves give rise only to transverse reflected 
and refracted waves, and that the conservation of energy holds 
for these — i.e. that the masses of aether put in motion, 
multiplied by the squares of the amplitudes of vibration, are 
the same before and after incidence. This is, of course, the 
same device as had been used previously by Fresnel; it 
must, however, be remarked that the principle is unsound as 
applied to an ordinary eLastic solid; for in such a body the 
refracted and reflected energy would in part be carried away 
by longitudinal waves. 

In order to obtain the sine and tangent laws, MacCullagh 
and Neuiiianii found it necessary to assume that the inertia 
of the luminiferous medium is everywhere the same, and 
that the differences in behaviour of this medium in different 
substances are due to differences in its elasticity. The two 
laws may then be deduced in much the same way as in the 
previous investigations of Fresnel and Cauchy. 

Although to tinsist on continuity of displacement at the 
interface was a decided advance, the theory of MacCullagh and 
Neumann scarcely showed as yet much superiority over the 
quasi-mechanical theories ' of their predecessors. Indeed, 
MacCullagh himself expressly disavowed any claim to regard 



160 


The Aether as an Elastic Solid. 


his theor}% in the form to which it had then been brought, as a 
final explanation of the properties of light. “ If we are asked,*' 
he wrote, “ what ivasons can be assigned for the hypotheses on 
which the prtHieding theory is fouiuleil, we are far from being 
able to give a satisfactory answer. We are obliged to confess 
that, with the exception of the law of ris 77 'm, the hy})otheses 
are nothing more* than fortunate conjectures. These conjectures 
are very prolmbly riglit, since they have led to elegant laws 
which are fully borne out In* experiments ; but this is all we 
can assert respt'cting them. We cannot attempt to ileduce 
them from first principles ; U'cause, in the theory of light 
such principles are still to be sought for. It is certain, indeed, 
that light is produced by undulations, pn^pagated, with 
transversal vibrations, through a highly elastic aether ; but the 
constitution of this aether, and the laws of its connexion (if it 
has any connexion) with the particles of bodies, are utterly 
unknown.” 

The needful reformatir)n of the elastic-solid theory of 
reflexion was ettecterl by Green, in a paper* read to tlie 
Cambridge Philosophical Society in December, 1837. Green, 
though inferior to (Cauchy as an analyst, was his superior in 
physical insight ; instead of designing boundary-ecpiations for 
the express purpose of yielding Fresiiors sine and tangent 
formulae, he set to work to determine the conditions which are 
actually satisfied at the interfaces of real elastic solids. 

These he obtained by means of general dynamical princijdes. 
In an isotropic medium which is strained, the potential energy 
per unit volume due to the state of stress is 



where e denotes the displacement, and k and it denote the two 
* Trans. Camb. Phil. Soc*, 1838 ; Green's Math. Papert, p. 243. 
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elastic constants already introduced ; by substituting this value 
of 4) in the general variational equation 

IfJ ^ ^*1 “ "III 


(where p denotes the density), the equation of motion may be 
deduced. 

But this method does more than merely furnish the equation 
of motion 


or, 


pi - (k -h-^7^ grad div e - curl curl e ; 
pe = - + i j grad div e + ?iV*e, 


which had already been obtained by Cauchy ; for it also yields 
the boundary-conditions which must be satisfied at the interface 
between two elastic media in contact ; these are, as might be 
guessed by physical intuition, that the three components of the 
displacement* and the three components of stress across the 
interface are to l)e equal in the two media. If the axis of x 
be taken normal to the interface, the latter three quantities 
are 



div e + 2n 


de^ 
dx ’ 




The correct boundary-conditions being thus obtained, it was 
a simple matter to discuss the reflexion and refraction of an 
incident wave by the procedure of Fresnel and Cauchy. The 
result found by Green w’as that if the vibration of the aethereal 
molecules is executed at right angles to the plane of incidence, 
the intensity of the reflected light obeys FresneTs sine-law, pro- 
vided the rigidity n is assumed to be the same for all media, 
but the inertia p tq vary from one medium to another. , Since 
the sine-law is known to be true for light polarized in the plane 
of incidence. Green’s conclusion confirmed the hypotheses of 


* These first three conditions are of course not dynamical but geometrical. 
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Ftesnel, that the vibrations are executed at right angles to the 
plane of polarization, and that the optical differences between 
media are due to the different densities of aetlier within them. 

It now remained for Green to discuss the case in which the 
incident light is polarized at right angles to the plane of inci* 
dence, so that the motion of the aethereal particles is ^Mirallel to 
the intersection of the plane of incidence with the front of the 
wave. In this case it is impossible to satisfy all the six 
boundary-conditions without assuming that longitudinal vibra- 
tions are generated by the act of reflexion. Taking the plane 
of incidence to be the plane of yz, and the interface to lie the 
plane of xy, the incident wave may be represented by the 
equations 

C 

(u- A z- f(t my ) ; - A r~/(^ my) ; 

cz cy ‘ 

where, if i denote the angle of incidence, we have 



There will be a transverse reflected wave, 

c B 

ey = 5 + my ) ; f * « - J? my ) ; 

and a transverse refracted wave, 

f'y = /{t + hz + my) ; « - C' — /(/ + hz + my), 

Cz ^y 

where, since the velocity of transverse waves in the second 
medium is y/'nlp 2 , we can determine h from the equation 

/i* + m* = — ; 

there will also be a longitudinal jeflected wave, 

0 0 

e, - JD ^f{t - Xz + myy, c. = D ^f{t - Xz + my). 
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where A is determined by the equation 


A* + m* 


pi 


h + 


and a longitudinal refracted wave, 

Cy : 

where A| is determined by 


0 0 

+ \iZ + my ) ; e* = 0^/(^ + 


Ai* + w* 


P2_ , 


Substituting these values for the displacement in the boundary- 
conditions which have been already formulated, we obtain the 
equations which determine the intensities of the reflected and 
refracted waves ; in particular, it appears that the amplitude of 
the reflected transverse wave is given by the equation 


-A — S ^ l\p\ ^ WI-* ( pi ~ 

A JB /p2 I p2 (Apa + Alpi) 

Now if the elastic constants of the media are such thftt the 
velocities of propagation of the longitudinal waves are of the 
same order of magnitude as those of the transverse waves, the 
direction-cosines of the longitudinal reflected and refracted rays 
will in general have real values, and these rays will carry away 
some of the energy which is brought to the interface by the 
incident wave. Green avoided this ditticulty by adopting Fresnel’s 
suggestion that the resistance of the aether to compression may 
be very large in comparison with the resistance to distortion, 
as is actually the case with such substances as jelly and 
caoutchouc : in this case the longitudinal waves ai'e degraded in 
much the same way as the transverse refracted ray is degraded 
when there is total reflexion, and so do not carry away energy. 
Making this supposition, so that h and kt are very laige, the 
quantities A and Ai have the values m y/ -1, and we have 
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Thus if BlA denote the modulus of BjA^ we hav(‘ 



This expression represents the ratio of the intensity of the 
transverse reHecte<l wave to that of the incident wave. It 
does not atgreo witli Fresnels tangent- formula : and hotli on this 
account aind also lieeause (ais we shall see) this theory of reflexion 
does not harmonize well with the elastic-solid theory of crystal- 
optics, it must l>e conclmled that the vibrations of a Green ian 
solid do not furnish an exact imrallel to the vibrations which 
constitute light. 

Tlie success of Gi'cen’s investigation from the 8t4indi>oint of 
dynamics, set oft* by its failiu’e in the details last mentioned, 
stimuhiteil ilacCullagh to fresh exertions. At length he succecdenl 
in placing his own theory, which liad all along ])ecn free fn)m 
reproach so far us agreement w'ith optical experiments was 
concerifPed, on a sound dynamical basis; tliereby eirecting that 
reconciliation of the theories Light and J>ynamic.s which had 
been the dream of every physicist since the days of Descartes. 

Tlie central feature of Mact.hillagir.s investigation,* which 
was presented to the Itoyal Irish Acadeuiy in is the intro- 

duction of a new type of elastic solid. He had, in fact, concluded 
from Green’s n^sults that it was im])ossihh‘ to explain optical 
phenomena .sitisfaetorily hy comparing the aether to an elastic 
solid of the ordinary ty})e, which resists compression and 
distortion ; and he saw that the only hope of the situation was 
to devise a medium which should he as strictly conformable to 
dynamical laws as Green’s elastic m\id, and yet should have 
its properties specially designed to fulfil the requirements of 
the theory of light. Such a medium he yow described. 

If as before we denote hy e the vector displacement of a 
point of the medium from its equilibrium jposition, it is well 

* Trans. Roy. Irish Acad. xxi. : MacCullagh’s Coll. Worhn, p. 145. 
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known that the vector curl e denotes twice the rotation of the 
part of the solid i:» the neighbourhood of the point (x, y, z) from 
its e()iiilil)riuia orientation. In an ordinary elastic solid, the 
potential energy of strain depends only on the change of size* 
and sliape of the volume-elements ; on their compression and 
distoi tion, in fact. For MacCullagh's new medium, on the 
other hand, the potential energy depends only on the rotatwa 
of the volume-elements. 

Since the medium is not supposed to be in a state of stress- 
in its undisturbed condition, the potential energy per unit 
volume must be a quadratic function of the derivates of e ; so 
that in an isotropic medium this quantity ^ must be formed 
from the only invariant which depends solely on the rotation 
and is quadratic in the derivates, that is from (curl e)® ; thus 
we may write 



The equation of motion is now to be determined, as in the 
case of Green’s aether, from the variational equation 





0r- 


the result is 



dx dy dz ; 


- - /X curl curl e. 

It is evident from this equation that if div e is initially 
zero it will always be zero : we shall suppose this to be the 
case, so that no longitudinal waves exist at any time iu the 
medium. One of the greatest difficulties which beset elastic- 
solid theories is thus completely removed. 

The equation of motion may now be written 
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which shows that trausvei'se waves are propagated w ith velocity 

m/p- f - 

From the variational equation we may also determine the 
boundary-conditions which must be satisfied at the interface 
between two meilia ; these are, that the three components of e 
are to be continuous across the interface, and that the two 
components of ^ curl e parallel to the interface are also to l>e 
continuous across it. One of these five conditions, namely, the 
continuity of the normal component of e, is really dependent on 
the other foiur ; for if we take the axis of x normal to the 
interface, the equation of motion gives 

and as the quantities p, (u curl e);, and (;i curl arc continuous 
across the interface, the continuity of follows. Tims the 

only independent boundary-conditions in MacCullagh s theory 
are the continuity of the tangential components of e and of 
/LI curl e/ It is easily seen that these are ecpiivalent to the 
boundary-conditions used in MjicCullagh’s earlier paper, namely, 
the equation of vis rivff and the continuity of the three 
components of e: and thus the “ rotationally elastic’* aether of 
this memoir furnishes a dynamic^il foundation for the memoir 

of 1837. 

The extension crystalline media is made by assuming the 
potential energy per unit volume to have, when referred to the 
principal axes, the form 



\dz 



where A, B, C denote three constants which determine the 
optical behaviour of the medium: it is readily seen that the 
wave-surface is FresneTs, and that the plane of polarization 


* MacCullagh*8 equations may readily be interpreted in the electro-magnetio 
theory of light ; *e corresponds to the magnetic force, /a curl 6 to the electric force, 
and curl e to the electric displacement. 
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contains the displacement, and is at right angles to the 
rotation. 

MacCullagli’s work was regarded with doubt by his own 
and the succeeding generation of mathematical physicists, and 
can scarcely l}e said to have been properly appreciated until 
FitzGerald drew attention to it forty years afterwards. But 
there can be no doubt that MacCullagh really solved the 
problem of devising a medium whose vibrations, calculated in 
accordance with the correct laws of dynamics, should have th& 
same properties as the vibrations of light. 

The hesitation which was felt in accepting the rotationally 
elastic aether arose mainly from the want of any readily 
conceived example of a body endowed with such a property. 
This difficulty was removed in 1889 by Sir William Thomson 
(Lord Kelvin), who designed mechanical models possessed of 
rotational elasticity. Suppose, for example * that a structure is 
formed of spheres, each sphere being in the centre of the 
tetrahedron formed by its four nearest neighbours. Let each 
sphere be joined to these four neighbours by rigid bars, which 
have spherical caps at their ends so as to slide freely on the 
spheres. Such a structure would, for small deformations, behave 
like an incompressible perfect fluid. Now attach to each bar a 
pair of gyroscopically-mounted flywheels, rotating with equal 
and opposite angular velocities, and having their axes in the line 
of the bar : a bar thus equipped will require a couple to hold 
it at rest in any position inclined to its original position, and 
the structure as a whole will possess that kind of quasi- 
elasticity which was first imagined by MacCulhigh. 

This particular representation is not perfect, since a system 
of forces would be required to hold the model in equilibrium if 
it were irrotationally distorted. Lord Kelvin subsequently 
invented another, structure free from this defect. t 

♦ Gomptes Rendus, Sept. 16, 1889 ; Kelvin’s Math, and Thys. Fapers^ iii, 
p. 466. 

tProc. Roy. Soc. Edinb., Mar. 17, 1890: Kelvin’s Math, and Fhys, Paperiy. 
iii, p. 468. 
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The work of Green proved a atimuliis not only to 
MacCullagh but to Cauchjv who now (18:^9) published yet 
a third theory of reflexion,^ This appears to have owed its 
origin to a remark of Green s.t that the longitudinal wave 
might be avoided in eitlier of two ways — namely, by supposing 
its velocity to be indetinitely great or indefinitely small. Green 
curtly dismissed tlie latter alternative and adopted the fonnn\ 
on the ground that the equilibrium of tlie medium would he 
unstable if its compressibility were negative (as it must be if 
the velocity of longitudinal waves is to vanish), ('auehy. witho! t 
attempting to meet (.treen’s objection, took up the study of a 
medium whose elastic eoiistants are connected hy the equation 

/i* ~ 0, 


SO tliat the longitudinal vibrations have zero velocity; and showed 
that if the aethereal vibrations are supposed to be executed at 
right angles to the plane of polarization, and if the rigidity 
of the aether is assumed to he the same in all media, a ray 
which is reflected will oljey the sine-law and tangent-law of 
Fresnel. The boundary-conditions wliich he adoj^ted in order to 
obtain this result were the continuity of the displaceluent e and 
of its derivate 0e/cr, where the axis of is taken at right 
angles to the interface.^ These are not the true boundary-con- 
ditions for general elastic solids; but in the particular case now 
under discussion, where the rigidity is tlie same in the two 
media, they yield the same equations as the conditions coiTectly 
given by Green. 

The aether of Cauchy’s third theory of reflexion is well 
worthy of some further study. It is generally known as tlio 
contradik or laUk% aether, the names being due to William 

* Comptes Rendufl, ix, p. 676 (25 Not., 1839), and p. J26 (2 Dec., 1839). 

t Green’s Math. Papers, p, 246. , 

X Comptes Rendus, x, p. 347 (March 2, 1840) ; xxvii, p. 621 (1848) ; xxviii, p. 25 
(1849). M5m. de I’Acad., xxii (1848), pp. 17, 29. 

§ Labile or neutral is a term used of such equilibrium as that of a rigid body on 
a perfectly smooth horizontal plane. 
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Thomson (Lord Kelvin), who discussed it long afterwards * It 
may be define^ as an elastic medium of (negative) com- 
pressibility such as to make the velocity of the longitudinal 
wave zero : this implies that no work is required to be done 
ill order to give the medium any small irrotational disturbance. 
An example is furnished by homogeneous foam free from air 
and held from collapse by adhesion to a containing vessel. 

Cauchy, as we have seen, did not attempt to refute Green's 
objection that such a medium would be unstable; but, as 
Thomson remarked, every possible infinitesimal motion of the 
medium is, in the elementary dynamics of the subject, proved 
to be resolvable into coexistent wave-motions. If, then, the 
V(docity of propagation for each of the two kinds of wave-motion 
is real, the equilibrium must be stable, provided the medium 
either extends through boundless space or has a fixed containing 
vessel as its boundary. 

When the rigidity of the luminiferous medium is supposed 
to have the same value in all bodies, the conditions to be satisfied 
at an interface reduce to the continuity of the displacement e, 
of the tangential components of curl e, and of the scalar 
quantity ' (A: + ^n) div e across the interface. 

Now we have seen that when a transverse wave is incident 
on an interface, it gives rise in general to reflected and refracted 
waves of both the transverse and the longitudinal species. In 
the case of the contractile aether, for which the velocity of 
propagation of the longitudinal waves is very small, the ordinary 
construction for refracted waves shows that the directions of 
propagation of the reflected and refracted longitudinal waves 
will be almost normal to the interface. The longitudinal 
waves will therefore contribute only to the component of 
displacement normal to the interface, not to the tangential 
components : in gther words, the only tangential components of 
displacement at the •interface are those due to the three trans- 
verse waves — the incident, reflected, and refracted. Moreover, 
the longitudinal waves do not contribute at all to curl e ; and, 

• PhU. Mag. xxvi (1888), p. 414. 
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therefore, in the contractile aether, tlie conditions that the 
tangential coniix)nent8 of e and of n curl e sirill be continuous 
across an interface ai*e satisfied by the distortioual part of the 
disturbance taken alone. The condition that the component 
' of e normal to the interface is to he continuous is not satisfied 
by the distortional part of the disturbance taken alone, but is 
satisfied wlien the distortional and compii>8sional parts arc taken 
together. 

The enei^y carrieil away by the longitudinal waves is 
infinitesimal, as might lie exiK'cted, since no work is reipiired in 
order to generate an iimtational displacement. Hence, witli 
this aether, the l>ehaviour of the transvei'se waves at an 
interface may lie specified witlunit considering the irrotational 
part of the disturbance at all, by the comlitions that the 
conservation of energy is to hold and that the tangential 
components of e aiul t)f ji c*.url e are to be continuous. Ihit if 
we identify these transvers<* waves with light, assuming that 
the displacement e is at right angles to the jdane of polarization 
of the light, and assuming inon^over that the rigidity v/ is the 
same in all media* (the differences between iiUMlia depending on 
differences in the inertia /i), we have exactly the assumptions 
of Fresnels theory of light : whence it follows tliat transverse 
waves in the labile aether must olx^y in reflexion the sine-law 
and tangent-law of Fresnel. 

The great advantage of the labile aether is that it overcomes 
the difficulty about .securing continuity of the normal com- 
ponent of displacement at an interface tetwecii two media: 
the light-waves taken alone do not satisfy this condition of 
continuity ; but the total disturbance consisting of light-waves 
and irrotational distiirliance taken together does satisfy it; 
and this is ensured without allowing the irrotational disturbance 
to carry off any of the energy. t 

* This condition is in any case necessary for stability, as was shown by 
K. T. Glazebrook : cf . Thoroson, Phil. Mag. zxvi, p. 600 . 

t The labile^aether theory of light may be compared with the electro«magneiio 
theory, by interpreting the displacement • as the electric force, and pe as the 
electric displacement. 
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This expression contains the correct number of constants^ 
namely, four: three of them represent the optical constants 
of a biaxal crystal, and one (namely, /u) represents the square of 
the velocity of propagation of longitudinal waves. It is found 
that the two sheets of the wave-surface which correspond to the 
two distortional waves form a Fresners wave-surface, the third 
sheet, which corresponds to the longitudinal wave, being an 
ellipsoid. The directions of polarization and the wave-velocities 
of the distortional waves are identical with those assigned by 
Fresnel, provided it is assumed that the direction of vibration 
of the aether-particles is parallel to the plane of polarization ; 
but this last assumption is of course inconsistent with Green's 
theory of reflexion and refraction. 

In his Second Theory, Green, like Cauchy, used the condition 
that for the waves whose fronts are parallel to the coordinate 
planes, the wave-velocity dejiends only on the plane of polariza- 
tion, and not on the direction of propagation. He thus obtained 
the e(piations already found by Cauchy — 

The wave-surface in this case also is Fresnel’s, piwdded it 
is assunieil that the vibrations of the aether are executed at 
right angles to the plane of polarization. 

The principle wliicli underlies the Second Theories of Green 
and Cauchy is that the aether in a crystal resembles an clastic 
solid which is une(iually pressed or pulled in difterent directions 
by the unmoved ponderable matter. This idea appealed strongly 
to W. TJiomson (KelvinJ, who long afterwards developed it 
further,* arriving at tlie following interesting result : — ^Let an 
incompressible solid, isotropic when unstrained, be such that its 
potential energy per unit volume is 


where j denotes its modulus of rigidity when unstrained, and 


* Proc. n. S. Edin. xv (1887}, p. 21 : Phil. Mag. xxv (1888) p. 116 : BaUimors 
Lectures (ed. 1904), pp. 228-259. 
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denote the proportions in which lines panillel to the 
axes of strain are altered ; then if the solid be initially strained 
in a way defined by given values of /3, 7, by forces applied to 
its surface, and if waves of distortion be superposed on this 
initial strain, the transmission of these waves will follow exactly 
the laws of Fresners theory of crystal-optics, the wave-surface 
being 



There is some ditticulty in picturing the manner in which 
the molecules of ponderable matter act upon the aether so as to 
produce the initial strain required by this tlieory. Lord 
Kehin utilized* the suggestion to which we have already 
refeiTed, namely, that the aetlnu* may pervade the atoms of 
matter so us to occupy space jointly with tliem, and that its 
interaction with them may consist in attiactions and repulsions 
exercised throughout the regions interior to the atoms. These 
forces may be supposed to be so large in cornpaiisoii with th(;se 
called into play in free aetlu?r tliat the resistance to compres- 
sion may be overcome, and the aether may be (say) condensed 
in the central region of an isolated atom, and rarefied in its 
* outer parts. A crystal may be suppf)sed to consist of a group 
of spherical atoms in which neighbouring spheres overlap each 
other ; in the central regions of the spheres the aether will be 
condensed, and within the lens-shaped regions of ovcrla])ping 
it will be still more rarefied than in the outer parts of a solitary 
atom, while in the interstices between the atoms its density 
will be unaffected. In consequence of these rarefactions and 
condensations, the reaction of the aether on the atoms tends 
to draw inwards the outermoBt atoms of the group, which, 
however, will be- maintained in position by repulsions between 
the atoms themselves; and thus we can account for the pull 
which, according to the present hypothesis, is exerted on the. 
aether by the ponderable molecules of crystals. 

* Baltimore Lecturee (ed. 1904), p. 253. 
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Analysis similar to that of Cauchy’s and Green’s Second 
Theory of crystal-optics may be applied to explain the doubly 
refracting property which is possessed by strained glass ; but 
in this case the formulae derived are found to conflict with 
the results of experiment. The discordance led Kelvin to 
doubt the truth of the whole theory. ‘‘After earnest and 
hopeful consideration of the stress theory of double refraction 
during fourteen years,” he said,* “ I am unable to see how it 
can give the tioie explanation either of the double refraction of 
natural crystals, or of double refraction induced in isotropic 
solids by the application of unequal pressures in different 
diiections.” 

It is impossible to avoid noticing throughout all Kelvin*s 
work evidences of the deep impression which was made 
upon him by the writings of Green. The same may be said 
of Kelvin’s friend and contemijorary Stokes; and, indeed, it 
is no exaggeration to describe Green as the real founder of 
that “ Cambridge school ” of natural philosophers, of which 
Kelvin, Stokes, Lord Kayleigh, and Clerk Maxwell were the 
most illustrious members in the latter half of the nineteenth 
century, and which is now led by Sir Joseph Thomson and 
Sir Joseph Larmor, In order to understand the peculiar 
position occui)ied by Green, it is necessary to recall some- 
thing of the liistory of mathematical studies at Cambridge. 

The century which elapsed between the death of Newton 
and the scientific activity of Green was the darkest in the 
history of the University. It is true that Cavendish and 
Young were educated at Cambridge; but they, after taking 
undergraduate courses, removed to London. In the entire 
period the only natural philosopher of distinction who lived 
and taught at Cambridge was Michell ; and for some reason 
which at this ^distance of time it is difficult to understand 
fully, Micheirs researches seem to have attracted little or no 
attention among his collegiate contemporaries and successors, 

* Baltimore Lecturee (ed. 1904), p. 2oS. 
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who silently aciiuiesced when his discoveries were atniiuiteil to 
others, and allowed his name to perish entirely from (’amhrid^t^ 
tradition. 

A few years befeue (fieon publishinl his fiiM paiMM*, a 
notable revival of mathematical learning swepi nwv tlu» 
ruivei-sity; the tliixional symbtdism. which siiict^ tlu* lime of 
Newton had isolated t'ambrid^e from the caailimMU ;1 :>ehools, 
was alKiiuIoned in favour of the ditl'erential imlatithi, jml tlu* 
works of the great Freiieh analysis Nyere intiMMliicod and 
eagerly read. Green undoubtedly received his ..\vn early 
inspiration from this source: but in clearness ni j»hysical 
insight and conciseness of exposition he far i^xcelh'd liis 
mastei's; and the slight volunu* of his collected papers has 
to this day a charm which is wanting to the voluminous 
writings of Cauchy and Poisson. It was natural that such an 
example should powerfully influence the youthful intellects of 
Stokes — who was an undergraduate when Green read his memoir 
on <louble refraction to the Cambridge Philosophical Sf»ciety — 
and of William Thomson (Kelvin), who came into residence two 
years afterwards* 

In spite of the advances which were made in the great 
memoirs of the year 1839, the fundamental question us to 
whether the aether-particles vibrate ])arallel or at right angles 
to the plane of iK>larization was still unanswered. More light 
was thrown on this i>roblem ten years later by Stokes's inves- 
tigation of Diflractioii.t Stokes showed that on almost any 
conceivable hypothesis regarding the aether, a distuj ])ance in 
which the vibrations are executed at right angles to tlu* plane 
of diffraction must be transmitted round tJu5 edge of an opaque 
body with less diminution of intensity than a disturbance whose 
vibrations are executed parallel to that plane. It follows that 
when light, of which the vibrations are oblique to the plane of 

*It was in the year Thomson took his degree (1845) that he bougiit, and read 
with delight, the electrical memoir which Green had published at Nottingham in 
1828. 

t Trans. Camb. Phil. Soc., ix (1849), p, 1. Stokeses JfatA, and Fhyn, Papert^ 
ii, p. 243. 
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(litlViu tion, is so transmitted, tlie jilane of vilnation will lie more 
nearly at riglit angles U> tlie plane of diffraction in the diffracted 
than in the incident liglit. Stokes himself jierformed experi- 
nnmts to test the matter, using a grating in order to obtain 
strong light diffract(id at a large angle, and found that when 
the plane of polarization of the incident liglit was oblique to the 
))lane of diffraction, the plane of polarization of the diffracted 
light was more lu^arly ])arallel to the plane of diffraction. This 
result, which was afterwards confirmed by L. Lorenz,* appeared 
to confirm decisively the hypothesis of Fresnel, that the vibra- 
tions of the aiithereal particles are executed at right angles to 
the ])lane of polarization. 

'riiree years afterwards Stokes indicatedf a second line of 
proof leading to the same conclusion. It had long been known 
that the blue light of the sky, which is due to the scattering of 
the sun’s <lirect rays by small juirticles or molecules in the 
atmosphere, is partly polarized. The polarization is most 
marked when the light comes from a part of the sky distant 90® 
from the sun, in which case it must have been scattered in a 
direction perpendicular to that of the direct sunlight incident 
on the small particles; and the polarization is in the plane 
through the sun. 

If, then, the axis of y be taken parallel to the light incident 
on a small particle at the origin, and the scattered light be 
observed along the axis of r, this scattered light is found to be 
polarized in the plane .ry. Considering the matter from the 
dynamical point of view, we may suppose the material particle 
to j)ossess so much inertia (compared to the aether) that it is 
practiciilly at rest. Its motion relative to the aether, which is 
the cause of the disturbance it creates in the aether, will there- 
fore be in the same line as the incident aethereal vibration, 
but in the opposite direction. The disturbance must be 
transversal, and must therefore l)e zero in a polar direction and 

• Ann. d. Phys. cxi (1860), p. 315. Phil. Mag. xxi (1861), p. 321. 

t Phil. Trans., 1862, p. 463. Stokes’s Math, and Thys, TaperSf iii, p. 267. 
Of. thefuot-note added on p. 361 ot the Math, and Fhys. Papers. 
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a iiiaximmu in an equatorial «lirecti(Jii, it« aiai>litu<le in 

fact, proportional to the sine of the polar tlistanci' llio })olar 
line inusi, by consitlerations of symmetry, 1 k‘ tlio line of the 
iucideiu vibration. Thus we see tliat none of the li^ht s(;atten*il 
intlie ./-iliivction can eome fnuu that eonstitiuMit oi the ineideiil 
light which vibrates paralh*! to the .r-axis; so tlie light observe<t 
in tlns^lirection must <*ousist ni vilirations parallel lo the ^-axis. 
r>ut we have seen that the ]>laue of pt)lari/ation of the scattereil 
light is the plane of r//; and therefore the vilaalinn is at right 
angles to the plane of }«>larizati(m.* 

The phenomena of dillVaetum iind of polarizalicm by seattei- 
iug thus agret‘d in eontirniing the rt‘siiU arri\ed at in Kresmd’H 
and (Jreen’s theory of relit'xioin The chief <iini(*nlty in accepting 
it arost* in (‘oniiexion with the optics of crystals. As we have 
seeu,tTU‘i‘u and fiim^liy were unable to reconcile tln‘ hypothesis 
of aelhercal vibrations at right angl<»s to the plane <»f p(»lari/a- 
tion with the correct fonnulaeof crystal-optics, at any rale s«» 
long as the ac‘ther witliin cry^^tals was suppt»s(Ml to ]»c fre(‘ from 
initial stress. Tlie underlying** reason for this can be rtsidily 
seen. In a crystal, where the elasticity is ditferent in dilVerent 
directions, the resistanci* to <listcirtion dtq>ends scdely on the 
orientation uf tlu^ jdiine rif distorti(»n, which in the case of ligdit 
i.*' tin* pLine thioiigh the directions of i»roj>agat ion and vibration. 
Xow it is known that for light i»rop;igated jairallel to one of tin* 
axes of elasticity of a crystal, the velocity of i)roi)agation 
depends only on ilie plane of ])olarization of tlie light, being the 
same whiehever of tlu^ two axes lying in that i)him^ is the 
direction of propagation, (.’omjiaring thes(j results, we see that 
the plane of polarization must lx; the jdaue of distortion, and 
then*fore tlie vilirations of the aethcr-iiartieles must be executed 
parallel to tlie plane of polariz.atioii.t 

• The theory of polarization by small particles was afterwards investigated by 
Lord Rayleigh, Phil. Mag. xli(1871). 

t In FresnePs theory of crystal-optics, in which the aether-vibrations are at 
right angles to the plane of polarization, the velocity of propagation depends only 
on the direction of vibration, not on the plane through this anil the direction of 
transmission. 
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A way of escape from this conclusion suggested itself to 
Stokes ,* and later to liankinet and Ix)i d liayleigh.J What if the 
aethei in a crystal, instead of having its elasticity different in 
differeuit directions, were to have its rigidity invariable and its 
inerl 'm, diHerent in different directions ? This would bring the 
theory of crystal-optics into complete agreement with Fresners 
and (trcen’s theory of reflexion, in which tlie optical differences 
betweim media are attributed to differences of inertia of the 
aethei’ contained withhi them. The only difficulty lies in 
conceiving how aelotropy of inertia can exist; and all three 
writms overcanu* this olistacie by pointing out that a solid 
which is immersed in a fluid may have its effective inertia 
diff'erent in different directions. For instance, a coin immersed 
ill water moves much more readily in its own idane than in the 
direction at right angles to this. 

Suppose tluMi that twice the kinetic energy per unit volume 
of the aether within a crystal is representeil ]>y the expression 


"\h) 
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and that the potential (mergy ])er unit volume lias the same 
value as in space void of ordinary matter. The aether is 
assumed to be inc<imju’essible, so that <liv e is zero ; tlie potential 
energy per unit volume is therefore 
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where a denotes as usual the rigidity. 


* Stokes, in a lettei^ to Lord Rayleigh, inserted in his Memoir and Scientijie 
Correspo)idencet ii, p. 99, explains that the idea presented itself to him while he 
was writing the paper on Fluid Motion which appeared in Trans. Ganib. Phil. 
Soc.> Tiii (1843), p. 105. He suggested the wave-surface to which this theory 
leads in Brit. Assoc. Rep., 1862» p. 269. 
t Phil. Mag. (4), i (1851), p. 441. 


X Phil. Mag. (4), xli (1871), p»^5l9. 
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The variational e(| nation ol‘ motion is 



where /> denotes an undetermined funetion of (/•, //, :) : iho t(M‘m 
in being intro<hieetl on aeeoiint of the kineinatit al (‘onMrainl 
expressed by the t*(inalion 

div e = 0. 

The equations of motion whieli re-sult fnnn this vaiiai i'»nal 
equation are 
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and tw(» similar e<|uations. It is evidtmt that n‘seiiibleH a 
hydrostatic pressure. 

Substituting in tliese e(|uations the analytical expression 
for a plane wave, we readily find that the velocity r of the 
wave is connected with the direction-cosines (X, /i, v) of its 
normal by the equation 

>i» . 

71 - Pi P 71 - P, K ^ 

When this is compared with Fresnel's relation between the 
velocity and direction of a wave, it is seen that the new formula 
difiers from his cmly in having the reciprocal of the velocity in 
place of the velocity. About 1867 Stokes carried out a series 
of experiments in order to determine which of the two theories 
was most nearly confonnable to the facts : he found the con- 
struction of Huygens and Fresnel to be decidedly the more 
correct, the dilference between the results of it and the rival 
construction being about 100 times tlie probable error of 
observation.* 


* Proc. R. S., June, 1872. After these experiments Stokes gave it as his opinion 
(Phil. Mag. xli (1871), p. 521) that the true theory of crystal-optics was yet to be 
found. On the accuracy of Fresnel’s construction cf. Glazebrook, Phil. Trans, 
clxxi (1879) p. 421, and Hastings, Am. Journ. Sci. (3) zxxv (1887) p. 60. 
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T1 le hypothesis that in crystals the inertia depends on 
(lireclioii seemed therefore to be discredited when the theory 
based on it was compared with the results of observation. But 
when, in 1888, W. Thomson (Lord Kelvin) revived Cauchy's 
theoi V of the labile aether, the question naturally arose as to 
whether that theory could be extended so as to account for the 
optical properties of crystals: and it was shown by E. T. 
Glazt*brook* that the correct formulae of crystal-optics are 
obtained when the Caudhy-Thonison hypothesis of zero velocity 
for tlie longitudinal wave is combined with the Stokes-Kankine- 
Itayleigh hypothesis of aelotropic inertia. 

For on reference to tlie formulae which have been already 
given, it is obvious that the equation of motion of an aether 
having these properties must he 

(pi^r> == ~ curl curl e, 

where e denotes the displacement, n the rigidity, and (pi, p 2 , pa) 
the inertia : and this equation leads by the usual analysis to 
Fresnel’s wave-surface. The displacement e of the aethereal 
particles is not, however, accurately in the wave-front, as in 
Fresnel’s theory, but is at right angles to the direction of the 
ray, in the plane passing through the ray and the wave- 
normal, t 

Having now traced the progress of the elastic-solid theory 
so far as it is concerned with the propagation of light in 
ordinary isotropic media and in crystals, we must consider the 
attempts which were made about this time to account for the 
optical properties of a more peculiar class of substances. 

It was found by Arago in 181 IJ that the state of 
polarization of a beam of light is altered when the beam is 
passed through a plate of quartz along the optic axis. The 

# Phil. Mag. xxvi (1888), p. 521 ; xxviii (1889), p. 110. 

t This theory of crystal-optics may be assimilated to the electro-magnetic theory 
by interpreting the elastic displacement e us electric force, and the vector 
(pifg, pify, pstf*) as electric displacement. 

} Mem. de Plnstitut, 1811, Part i, p. 116, sqq. 
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phenomenon was stiuUeil shortly afterwards by liiot/ win) 
showed that the alteration eonsists in a rotation of tin* i»lane of 
polarization about the direction of ]»roimjration : llie aiiirle of 
rotation is pri»portional to tlie tbiekness of tin* platt* and 
inv'ersely projiortional to ibe st|uare of the wave-leii^th. 

In '■joine sj)eeiniens of <|nartz the rotation is from left to 
right, in others from right to left. This dislinelioti was shown 
by Sir John Herschel**" kIk 1792, //. 1S71) in 1S20 to be 
asso(*iated with ditlereiu*es in the erystalline form of the 
s])tvamens, the two types luwing the same relation l<» each 
other as a riglu-banded and h‘ft-handod ladix respectively. 
Fresnel* and W. Thomson^i pro]>osed the term JuUvtrl to 
denote the jiroperly of rotating the plane of p*»larization, 
exhibited by such bodies as quartz ; t lie less iqqnopriah* term 
naii*ritl mffttitrff /»ol(irlvftani is, liowever, geni‘rally used. 

Hiol showed that many li<|uid organic lMMli(\s, e.g. turjuuitine 
and sugar solutions, possess the natural rotatory pmjierty : we 
might be led to infer tin* presence of a heli(*al stria*, lure in 
the molecules of such substances; and this inference is sup- 
ported by the study of their chemical constitution ; for tliey 
are invariably of iln^ “ miiTor-iiiiagc or “eiianlioinorphons*’ 
tyjK?, in which one of the atoms (gcnmally carbon) is asym- 
nietiically linked to other atoms. 

The next advance in the, subject was due to Fresnel •; who 
sliowed that in naturally active bodies the velocity of propa- 
gation of circularly polarized light is different according as the 
polarization is right-handed or left-handed. From this 
propei’ty the rotation of the jdane of polarization of a plane- 
polarized ray may be immediately deduced ; for the plane- 
polarized ray may be rcs^dveil into two rays circularly pcjlarizetl 
in opposite senses, and these advance in phase by different 

• Mem. de ITnetitut, 1812, Part x, p. 218, sqq. ; Ajnnales de Chim., ix (1818), 
p. 872; X (1819), p. 63. tCamb. Phil. Boc. Txtms. i, p. 43. 

X Mdm. de Plnat. vii, p. 73. \ BaltinMre Leeiwre$ (ed. 1904), p. 31. 

I The tenhi rotatory may be applied with propriety to the property disco? ered 
by Faraday, which will he discussed later. 

H Anuales de Chim. xxviii (1823), p. 147. 
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junnunts in j>assing throtigh a given thickness of the suljstance : 
at an\' stage they may be recoiri])oun(le(l into a plane-polarized 
ray, the azimutli of whose jilane of pelarization varies witli the 
length <jf path traversed. 

It is readily scien from this that a ray of light incident on 
a (;i*}'stal of (jinirtz will in general bifurcate into two refracted 
rays, (?ach of which will be elliptically polarized, i.e. will be 
cajialde <>f resolution into two plane-])olarized components 
whif'h diller in phase b)^ a detiuite amount. The directions of 
these refra(;ted lays may be determined by Huygens’ con- 
struction, jirovided the wave-surface is supposed to consist of a 
splKM'c and spheroid which do not toudi. 

The first attem])t to frame a theory of naturally active 
bodies was made by !MacCullagh in 18M6."- Suppose a ))lane 
wav(^ of light to be propagated within a crystal of ([uartz. Let 
(.r, //, ;:) denote the coordinates of a vibrating molecule, when 
the axis of is taken at right angles to the plane of the wave, 
and the axis of z at right angles to the axis (jf the 
crystal. Using V and ^to denote the disjdacenients parallel tr> 
the axes of // and z respectively at any time f, ^lacCuIlagh 
assume<l that tlu^ dilferential ecpiations which determine U and 
J^are 



• ^d'-Y 


de 





d^Y 

?t^ 

'■» ■ 
d,e‘ 

a*.-’ 


where ft denotes a constant on which the natural rotatory 
inoperty of the crystal depends. Tn order to avoid compli- 
cations arising from the ordinary crystalline properties of quai’tz, 
we shall suppose that the light is propagated parallel to the 
optic axis, so that we can take c, equal to 

Assuming first that the beam is circularly polarized, let it 
be represented by * 

Z^± A cos ^ (te - 

* Tninfl« Royal Irish Acad., zvii. ; MacCuUagh'a Coll. Work*^ p. 63* 
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the ambiguous sign being cloterminetl according as ilie ( iiviilar 
polarization is right-handed t>r left-handetl. 

Substituting in the above ditlerential equations, we have 

I r,V- f /a . — . /’, 

r 

or 

; 1 TT/i 

Since 1 / «lenotes the vt‘looity t)t* propagation, it is evident that 
the reei]»roeaLs of tlie velocities (»f propagittion of a right -luinded 
and lefl-h*\nde<l lK?am tlitler by the tjuantity 



from which it is easily shown iliat the angh* through which tlu^ 
plane of p<darization of a ]»Iane-poliU‘ized beam n^taK^s in unit 
length of path is 

rW ' 

If we neglect the vanati(»n of r, with the period of the light, 
this expression satistitvs Biot's law that the angle of iMilalion 
in unit length of path is proportional to the inverse square of 
the wave-length. 

MacCullogh’s investigation can l>e scarcely called a theory, 
for it amounts only to a reduction of the phenomena to 
empirical, though mathematical, laws ; but it was on this 
foundation that later workers built the theory which is now 
accepted.* 

* Tbe later developments of this theory will be discussed in a subsequent 
chapter; hut mention may here he made of an attempt whi|ph was made in 1866 by 
Carl Neumann, then a very young man, to provide a ra^onal bosisfor MacCullagh's 
equations. Neumann showed that the equations may be derived from the 
hypotheeis that the relative displacement of one aethereal particle with respect to 
another acts on the latter according to the same law as an element of an electric 
current acts on a magnetic pole. Cf . the preface to C. Neumann’s Die magnetieehe 
Drehung der Polmeaiioneehene dee Liehtee, Halle, 1863. 
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The great investigators who developed the theory of light 
after the death of Fresnel devoted considerable attention to 
the optical properties of metals. Their researches in this 
direction must now be reviewed. 

The most striking properties of metals are the power of 
brilliiintly reflecting light at all angles of incidence, which is 
so w<;ll shown by the mirrors of reflecting telescopes, and the 
opacity, which causes a train of waves to be extinguished before 
it lias proceeded many* wave-lengths into a metallic medium. 
Tliat these two attributes are connected apjiears probable 
from tlie fact that certain non- metallic bodies — e.g., aniline 
(lyes — which strongly absorb the rays in certain parts of the 
spectrum, reflect those rays with almost metallic brilliance. 
A third ([uality in which metals difler from transparent bodies, 
and which, as we shall see, is again closely related to the other 
two, is in regard to the polarization of the light reflected from 
them. This was first noticed by Mains ; and in 1830 Sir David 
llrewster* showed that plane-polarized light incident on a 
metallic surface remains polarized in tlie same plane after 
reflexion if its jjolarization is either parallel or perpendicular 
to the plane of reflexion, but tliat in other cases the reflected 
light is polarized elliptically. 

It was this discovery of Brewster's which suggested to the 
mathematicians a theory of metallic reflexion. For, as we have 
seen, elliptic polarization is obtained when plane-polarized 
light is totally reflected at the surface of a transparent body ; 
and this analogy between the eff’ects of total reflexion and 
metallic reflexion led to the surmise that the latter pheno- 
menon might be treated in the same way as Fresnel had treated 
the former, namely, by introducing imaginary quantities into 
the formulae of ordinary reflexion. On these principles mathe* 
matical formulae ^vere devised by MacCullaghf and Cauchy^ 

•Phil. Trans., 1830. 

f Proc. Hoy. Irish Acad., i (1836), p. 2 ; ii (1843), p. 376 : Trans. Roy. Irish 
Acad., xviii (1837), p. 71 : MacCullagb’s Coil, TToris, pp. 68, 132, 230. 

X Comptes Hendus, yii (1838), p. 963 ; viu (1839), pp. 663, 668, 961 ; xxvi 
(1848), p. 86. 

- N 
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To explain their method, we shall suppose the incident 
light to be polarized in the plane of incidence. According to 
Fresnel’s sine-law, the amplitude of the light (polarized in this 
way) reflected from a transparent body is to the amplitude of 
the incident light in the ratio 

j sin (t - r) 
sin (i + -r)’ 

where i denotes the angle of incidence and r is determined from 
the equation 

sin i = fi sin r. 

MacCullagh and Cauchy a8suine<l that these equations hoUl gooil 
also for reflexion at a metallic surface, provided the refractive 
index fi is replaced hy a complex quantity 

fi = V il -- Ky/ - 1) say, 

where v and k are to be ivganled as two constants characteristic 
of the metal. We have therefore 


tan i - tan r ifC - sin* /)i - cos i- 
tan i + tan r (ju* - sin* i)^ + cos i 


If then we write 

(1 - <C v/~ )* - sin* i = ~ 


so that equations defining U and v are c»btained by e<piating 
separately the real and the imaginary parts of this equation, we 
have 


^ - Cf)8 i 
‘ + cos i 


and this may be written in the form 


where 


— * 

J = 

tan S « 


+ cos^t -2U cos u cos i 
U" + cos*z + 2U cos u cos i 


2 JT" ws J sin V 
- co8*i 
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'l^he quantities J and 8 are interpreted in the same way as 

— * 

in Fresnel’s theory of total reflexion : that is, we take J to 
mean the ratio of the intensities of the reflected and incident 
light, while 8 measures the change of phase experienced by 
the light in reflexion. 

The case of light polarized at right angles to the plane of 
incidence may be treated in the same way. 

When the incidencq is perpendicular. If evidently reduces 

to V (1 + K*)\ and v reduces to - tan "* k. For silver at perpen- 

— 2 

dicular incidence almost all the light is reflected, so JT is nearly 
unity : this requires cos v to be small, and ic to be very large* 
The extreme case in which k is indefinitely great but v indefinitely 
small, so that the quasi-index of refraction is a pure imaginary, 
is generally known as the case of ideal silver. 

The physical significance of the two constants v and ic was 
more or less distinctly indicated by Cauchy; in fact, as the 
difference between metals and transparent bodies depends on 
the constant k, it is evident that k must in some way measure 
the opacity of the substance. This will be more clearly seen if 
we inquire how the elastic-solid theory of light can be extended 
so as to provide a physical basis for the formulae of MacCullagh 
and Cauchy.* The sine-formula of Fresnel, which was the 
starting-point of our investigation of metallic reflexion, is a 
consequence of Green’s elastic-solid theory : and the differences 
between Green’s results and those which we have derived arise 
solely from the complex value which we have assumed for /i. 
We have therefore to modify Green’s theory in such a way as 
to obtain a complex value for the index of refraction. 

Take the plane of incidence as plane of ary, and the metallic 
surface as plane of yz. If the light is polarized in the plane of 
incidence, so that^ the light- vector is parallel to the axis of 
the incident light may be taken to be a function of the 
argument 

ax + + c/, 

* This was done by Lord Rayleigh, Phil. Mag. xliii (1872), p. 321* 

N 2 
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here % denotes the angle of incidence, p the inertia of the aether, 
and n its rigidity. 

Let the reflected light l>e a function of the argument 
axX + luj -f ci, 

where, in order to secure continuity at the hoiindarv, h aii'i c 
must have the same value.s as before. Since Green’s formuLv' 
are to be still applicable, we must liave 


where sin i * « sin r, hut /i has now a eomple.x value. This 
etjuation may he written in the form 


Let the complex value of /r Im‘ written 

f> 

the real part being written pi/p in order to exhibit the analogy 
with Green’s theory of transparent media : then"we have 

+ h-‘^ p- C-- - A 


But an equation of this kind must (as in Green’s theory)* 
represent the condition to be satisfied in order that the 
quantity 

fa\z ■•fhy -ir ct) ^ - 1 
c? 

may satisfy the diflereiitial equation of motion of the aether ; 
from which we see that the equation of motion of the aetlier 
in the metallic medium is probably of the form 



This en nation of motion differs from that of atGreenian 
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elastic solid by reason of the occurrence of the term in 
But this is evidently a ** viscous ” term, representing something 
like a frictional dissipation of the energy of luminous vibra* 
tions ; a dissipation which, in fact, occasions the opacity of the 
metal. Thus the term which expresses opacity in the equation 
of motion of the luminiferous medium appears as the origin of the 
peculiarities of metallic reflexion.* It is curious to notice how 
closely this accords with the idea of Huygens, that metals are 
characterized by the presence of soft particles which damp the 
vibrations of light. 

There is, however, one great difficulty attending this 
explanation of metallic reflexion, which was first pointed out by 
Lord Kayleigh.f We have seen that for ideal silver fj? is real 
and negative : and therefore A must be zero and pi negative ; 
that is to say, the inertia of the luminiferous medium in the 
metal must be negative. This seems to destroy entirely the 
physical intelligibility of the theory as applied to the case of 
ideal silver. 

The difficulty is a deep-seated one, and was not overcome 
for many years. The direction in which the true solution lies 
will suggest itself when we consider the resemblance which 
has already been noticed between metals and those substances 
which show “surface colour” — e.g. the aniline dyes. In the 
case of the latter substances, the light which is so copiously 
reflected from them lies within a restricted part of the spectrum ; 
and it therefore seems probable that the phenomenon is not 
to be attributed to the existence of dissipative terms, but that 
it belongs rather to the same class of effects as dispei*sion, 
and is to be referred to the same causes. In fact, dispersion 
means that the value of the refractive index of a substance 
with respect to any kind of light depends on the period of 
the light ; and .we have only to suppose that the physical 
causes which operate in dispersion cause the refractive index 

* It is easily seen that the amplitude is reduced by the factor when light 
travels one wave-length in the metal : k is generally called the coejieient 0/ 
Absorption, t Loc. cit. 
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to become imaginary for certain kinds of light, in order to 
explain satisfactorily both the surface colours of the aniline 
dyes and the strong reflecting powers of the inetuls. 

Dispersion was the subject of several memoirs by the 
founders of the elastic^solid theory. So early as 18.'50 Cauchy’s 
attention was directed* to the possibility of constructing a 
mathematical theory of this phenomenon on the l>asiH of 
Fresnel’s "Hypothesis of Finite Impacts ”f — i,e. the assumption 
that the ratlins of action of one particle of the luminiferous 
medium on its neighlwurs is so large as to be comjtarablc wit h 
the wave-length of light. Cauchy supposed the medium to 
be formed, as in Navier’s theory of ebistic solids, of a system 
of point-centres of force : the force between two of these 
point-centres, vi at (j-, z), ami /i at (.r + A-r, // + Ay, z + As), 

may be denoted by where denotes the distance between 

TO and fi. When this medium is disturbed by light-waves pro- 
pagated parallel to the c-axis, the displacement being parallel 
to the a-axis, the equation of motion of m is evidently 


S’? 

S<’ 




Ar + AS 

r + p * 


where 5 denotes the displacement of ?//, (£ 4 A|) the displace- 
ment of fly and 0 ’ 4 p) the new value of ?*. Sul^stituting for p its 
value, and retaining only terms of the first degree in A?, this 
equation becomes 


dr r di- \ r ) r 


Now, by Taylor’s theorem, since ? depends only on z, we have 

A? 


A 1 0*5 /A N. 1 0’5 /A V 

a? 2 !a** 3! as*' ‘ ' " 


Substituting, and remembering that • summations which 
involve odd powers of A« must vanish when taken over all 

* Bull. de« Sc. Math, xiy (1830), p. 9: **Sur la dispersion de la lumidre,*** 
Kioun. JBxercieu de Math,^ 1838. t Cf. p« 132. 
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the point-centres within the sphere of influence of m, we obtain 
an equation of the form 


n 

dt* 


n 




•> 


where a, /3, 7 . . . denote constants. 

Each successive term on the right-hand side of this equation 
involves an additional factor (A^)*/A* as compared with the pre- 
ceding term, where A denotes the wave-length of the light : so 
if the radii of influence of the point-centres were indefinitely 
small in comparison with the wave-length of the light, the 
equation would reduce to 

“ 02 *’ 


which is the ordinary equation of wave-propagation in one 
dimension in non-dispersive media. But if the medium is so 
coarse-grained that A is not lai^e compared with the radii of 
influence, we must retain the higher derivates of Substi- 
tuting 


in the diflerential equation with these higher derivates retained, 
we have 


which shows that Ci, the velocity of the light in the medium, 
depends on the wave-length A ; as it should do in order to 
explain dispersion. 

Dispersion is, then, according to the view of Fresnel and 
Cauchy, a consequence of the coarse-grainedness of the medium. 
Since the luminiferous medium was found to be dispersive only 
within material bodies, it seemed natural to suppose that in 
these bodies the aether is loaded by the molecules of matter, 
and that dispersion depends essentially on the ratio of the 
wave-length to the distance between adjacent matei ial molecules. 
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This theory, in one modihcatioii or another, helil its gromnl 
until forty years later it was overthrown by the facts of 
anomalous dispersion. 

The distinction between aether and ponderable matter was 
more definitely drawn in memoirs which were published 
independently in 1841-2 by F. E. Neumann* and Alatthew 
0'Brien.f These authors supposed the ponderable particles to 
remain sensibly at rest while the aether surges round tlicin, and 
is acted on by them with forces which ^are proportional to its 
displacement. ThusJ the equation of motion of the aether 
becomes 

P * “■ c - curl curl e - Ce, 

where C denotes a constant on which the }>henomena of dis- 
persion depi'iid. For jiolari/od plam* waves propagated j»arallel 
to the axis of .r, this equation Inn'ornes 


and substituting 



fre 


(Vi- 


Ce; 


e 


2 irv/- 1 


— r 


T 



where r denotes the perifxl and V tlio velocity of the light, we 
have 


n 



an equation which expresses the dependence of the velocity oji 
the period. 

The attempt to represent the i>roperties of the aether by 
those of an elastic solid lost some of its interest after the 
rise of the electromagnetic theory of light. But in 1867, 

♦ Berlin Abhandliingen aus dem Jabre 1841, ZweiterTeil, p. 1 : Berlin, 1843. 
t Trans. Camb. Phil. Soc. vii (1842), p. 367. 

, t O’Brien, loc. cit., 15, 28. 
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beiore the electromagnetic hypothesis Iiad attracted much 
attention, an elastic-solid theory in many respects preferable 
to its predecessors was presented to the French Academy* by 
Joseph Boussinesq (J, 1842). Until this time, as we have 
seen, investigators had been divided into two parties, according 
as they attributed the optical properties of dififerent bodies to 
variations in the inertia of the luminiferous medium, or to 
variations in its elastic properties. Boussinesq, taking up a 
position apart from botli these schools, assumed that the aether 
is exactly the same in all material bodies as in interplanetary 
space, in regard both to inertia and to rigidity, and that the 
optical properties of matter are due to interaction between the 
aether and the material particles, as had been imagined more or 
less by Neumann and O'Brien. These material particles he 
supposed to l)e disseminated in the aether, in much the same 
way as dust-particles floating in tlie air. 

If e denote the displacement at the point (r, v/, t) in the 
aether, and e' the displacement of the ponderable particles 
at the same place, the equation of motion of tlie aether is 

- {Jc + iw) grad div e + nV’e - p, — , (1) 

wliere p and pi denote the densities of the aether and matter 
respectively, and Ic and 7i denote as usual the elastic constants 
of the aether. This differs from the ordinary Cauchy-Green 
equation only in tlie presence of the term pid^e';df"\ which 
represents the effect of the inertia of the matter. To this 
equation we must adjoin another expressing the connexion 
between the displacements of the matter and of the aether: 
if we assume that these are simply proportional to each 
other — say, 

e' = Ae, (2) 

« Journal de Math. (2) xiii (1868), pp. 313, 425: cf. also Comptes Rendus, 
•trxvii (1893), pp. 80, 139, 193. Equations kindred to some of those of Boussinesq 
were afterwards deduced by Karl Pearson, Pi*oc. Lond. Math. Soc , xx (1889), 
1). 297, from the hypothesis that the strain-energy involves the velocities. 
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where the constant A dei)ends on the nature of tlie ponileiahlo 
body — our equation ln'eouies 

(/} ^ piA) = -(4- -f }^/l) grad div e ^ 

which is essentially the same eipiation as is i»l»taiiied in tliost» 
older theories whicfi suppose the inertia of the luiuiiiihuous. 
medium to vary from one medium to another. So far there, 
would seem to he iiotliing very new iu l}oiissines(|’s work, fhit 
when we pR)ct*etl to ctmsider crystal-! >ptics, disjKMsioii, ami 
rotatory jiolariziition, the advantage of his metluxl heeomt*s 
evident : he retains equation (1) as a formula universally true— 
at any rate for bodies at rest — while (equation (2) is varied 
to suit the circumstances of the case. Thus disi»ersion can he 
explained if, instead of ectuatioii (2), we take the relation 

e" « Ae - JDV^e, 

where i) is a constant which measures the dispersive power of 
the sulistaiice : the rotation of the plane of polarization of sugar 
solutions can I>e explained if \ve suppose that iu these bodies 
equation (2) is replace!! by 

e" ^Ae ^ Ji curl e, 

where is a constant which measures the rotatory power ; and 
the optical proi>erties of crystals can explaino!! if we suppose 
that for them ecjuatioii (2) is to lie replaced by the equations 

c/ » AiCr, €y « AiPy^ fz = Ajt'z 

Wlieii these values for the components of e' arc substituted 
in equation (1), we evidently obtain the same formulae a.s were 
derived from the Stokes-Eankine-liayleigli hypothesis of inertia 
differentia different directions in a crystal; to which Boussinesq's 
theory of crystal-optics is practically equivalent. 

The optical properties of bodies in motipii iiiay be accounted 
for by modifying equation (1), so that it takes the form 

P p = - (* + grad div e + TiV’e - P» ^ 
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where w denotes the velocity of the ponderable lx>dy. If the 
body is an ordinary isotropic one, and if we consider light 
pro)>agated parallel to the axis of z, in a medium moving in 
that direction, the light-vector being parallel to the axis of x, 
the r»quation reduces to 



substituting 

«,=/(«- yt\ 

where V denotes the velocity of propagation of light in the 
medium estimated with reference to the fixed aether, we obtain 
for V the value 

/ » 

\p + pi-A/ p + piA 

The absolute velocity of light is therefore increased by the 
amount piAw^p + piA) owing to the motion of the medium ; 
and this may be written {pi - 1) where p denotes the 
refractive index ; so that Boussinesq’s theory leads to the same 
formula as had been given half a century previously by Fresnel* 
It is Boussinesq’s merit to have clearly asserted that all 
space, both within and without ponderable bodies, is occupied 
by one identical aether, the same everywhere both in inertia 
and elasticity; and that all aethereal processes are to be re- 
presented by two kinds of equations, of which one kind expresses 
the invariable equations of motion of the aether, while the other 
kind expresses the interaction between aether and matter. 
Many years afterwards these ideas were revived in connexion 
with the electromagnetic theory, in the modern forms of which 
they are indeed of fundamental importance. 


^ Cf. p. 115 gqq. 
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I'llAITEl! VI. 

FAIUDAY, 

Towards the end of the year 1S12, Davy received a h ih'r iu 
whicli the writer, a hookhinderV joiirneyiiian nameii Mii-hael 
haraday, ex|>resse«l a desire t.> escape from trade, and olitaiu 
einjdoyment in a .scientitii- lalK)ratory. With the lettei- was 
enclosetl a neatly written <oj»y of note's which the yoniiL: man 
— he was twenty-oin; years »if age — had imule <tf Davy''- own 
ptihlk" lectures. The great chemist rejilied courteously, and 
ananged an interview; at which he learnt that his convspi.n- 
dent had educated himst'lf hy reading the volumes which came 
into * his hands for bitiding. “Thc>re were two,” l•'araday 
wrote later, “that e.s|iecially Imlped me, the ‘Encyclopaedia 
Britannica,’ from which f gained my first notions of electricity, 
and Mrs. Marcet’s ‘ Conversations on Chemistry,’ which gave 
me my foundation in that science.” Already, before his u]*plica- 
tion to Davy, he had |>erformed a number of chemical 
experiments, and had made for himself a voltaic pile, with 
which he had decomposed several compound bodies. 

At Davy’s recommendation Faraday was in the following 
spring appointed to a post in the laboratory of the Koyal 
Institution, which had l^een established at the close of the 
eighteenth century under the auspices of Count Bumford ; and 
here he remained for the whole of his active life, first as 
assistant, then as director of the laboratory, and from 18:13 
onwards as the oc<iupant of a chair of chemistry which was 
founded for his benefit. 

For many years Faraday was directly under Davy’s influence, 
an<l was occupied chiefly in chemical investigations. But in 
1821, when the new field of inquiry opened by Oersted’s 



Faraday, 18& 

(liacovery was' attracliug attention, lie wrote an Hiatirricrd 
Sh fdi of EM/ro-MatjiiHism* as a preparation for which he 
caivl ally repeated the experiments described by the writers he 
was i*(^viewing ; and this seems to liave been the beginning of 
the researclies to whicli his fame is chiefly due. 

'rii(5 memoir which stands first in the published volumes of 
Faraday’s electrical workf was communicated to the Eoyal 
Society on Xovember 24th, 1831. The investigation was 
insjiired, as ht* tells us, Ijy the hope of discovering analogies 
betwet‘n the belia\'iour of electricity as observed in motion in 
currents, and the behaviour of electricity at rest on conductors. 
Stati(‘ electricity was known to possess the power of “ induction ” 
— i.e., of causing an o])posite electrical state on bodies in its 
neighbourhood ; was it not possible that electric currents might 
show a similar property ? The idea at first was that if in any 
circuit a current were made to flow, any adjacent circuit would 
be traversed by an induced current, which would persist exactly 
as long as the inducing current, Faraday found that this was 
not the case ; a current was indeed induced, but it lasted only 
for an instant, being in fact perceived only when the primary 
current was started or stopped. It depended, as he soon 
convinced himself, not on the mere existence of the inducing 
current, but on its variation. 

• Faraday now set himself to determine the laws of induction 
of currents, and for this purpose devised a new way of repre- 
senting the state of a magnetic field. Philosophers had been 
long accustomedj to illustrate magnetic power by strewing iron 
tilings on a sheet of paper, and observing the curves in which 
they dispose themselves when a magnet is brought underneath. 

♦Published in Annals of Fhilosophy^ ii (1821), pp. 195, 274; iii (1822), 
p. 107. 

t Experimental ReseareJ^s Electricity^ by Michael Faraday ; 3 vols. 

it The practice goes»back at least as far as Niecolo Cabeo; indeed the curves 
traced by Petrus Peregrinus on his globular lodestone (of. p. 8) were projections 
of lines of force. Among eighteenth-century writers La Hire mentions the use of 
iron filings, M5m. de PAcad., 1717. Faraday had referred to them in hiselectio-- 
magnetic paper of 1821, Exp. Res, ii, p. 127. 
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These curves suggested to Faraday* the idea i»f of iiotfjadiv 
force, or curves whose direction at every point coincides with 
the dire<rtion of the magnetic intensity at that point; tfie 
curves in which the iron tilings aminge theinselxcs f)n the 
paper ivsenible these curves so far as is possible subject to the 
condition of not leaving the plane of the paper. 

With these lines of magnetic foi*c*-e Faraday conccnvt^l all 
space to Ik' tilled. Every line of force is a closed ( ur\ e» which 
in some part of its course passes through the magiu‘t to whicli 
it Kdongs.t Hence if any small clostal curve he taken in space, 
the lines 4»f force which intersect this (*urve must form a 
tubular surface returning into itself ; siu'h a surface is called a 
hfhc of force. From a lube of bu'ce wo may dmive information 
not only regarding the direction of the magnetic intensity, 
but also regarding its magnitude; for the ju'oduct of this 
magnitude:^ and the cross-section of any tube is constant along 
the entire length of the tube.§ On the basis of this result. 
Faraday conceived the idea of partitioning all space into 
compartments by tubes, eacli tube being such that this product 
has the same definite value. For simplicity, eaeli of these 
tubes may l>e called a “ unit line of force ” ; the strength of 
the field is then indicated by the separation or concentration of 
the unit lines of force, [ so that the number of them which 
intei*8ect a !Uiit area placed at right angles to their direction 

♦ They were Snt defined in Exp, Rea.f { 114 : ** By magnetic ciirvea, I mean 
the lines of magnetic forces, however modified by the juxtaposition of poles, 
which could be depicted by iron filings ; or those to which a very small magnetio 
needle would form a Ungent.*’ 
t Exp. En. iii, p. 40*5. 

X Within the substance of magnetized bodies we must in this connexion under- 
stand the magnetic intensity to be that experienced in a crevice whose sides are 
perpendicular to the lines of magnetization : in other words, we must take it to be 
what since Maxweirs time has been called the magnetioinduction. 

f Exp. Ees.t i 3073. This theorem was first proved by the French geometer 
Michel Chasles, in bis memoir on the attraction of an* ellipsoidal sheet. Journal 
de I’Eiole Polyt. xv (1837), p. 266. 

11 Jbid., § 3122. ‘*The relative amount of force, or of lines of force, in a 
given space is indicated by their concentration or separation — i.e., by their number 
in that space.” 
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at any point measures the intensity of the magnetic field at 
that point. 

Faraday constantly thought in terms of lines of force. 

I cjuinot refrain,” he wrote, in 1851,* “ from again expressing 
my (M)nviction of the truthfulness of tlie representation, which 
the idea of lines of force affords in regard to magnetic action. 
All the points which are experimentally established in regard 
to that action — i.e. all that is not hypothetical— appear to be well 
aijtl iriily represented by it.”t 

Faraday found that a current is induced in a circuit either 
wluMi the strength of an adjacent current is altered, or when a 
magnet is brought near to the circuit, or when the circuit itself 
is moved about in presence of another current or a magnet. 
He saw from the tirstj that in all cases the induction depends 
on the relative motion of the circuit and the lines of magnetic 
force in its vicinity. The precise nature of this dependence 
was the subject of long-continued further experiments. In 
1882 he found§ that the currents produced by induction under 
the same circumstances in different wires are proportional to 
the conducting powers of the wires — a result which showed 
that the induction consists in the production of a definite 
electromotive force, independent of the nature of the wire, and 
dependent only on the intersections of the wire and the 
magnetic curves. This electromotive force is produced whether 
the wire forms a closed circuit (so that a current flows) or is 
open (so that electric tension results). 

All that now remained was to inquire in what way the 
electromotive force depends on the relative motion of the vrire 
and the lines of force. The answer to this inquiry is, in 
* Exp, Ees,, 5 3174. 

t Some of Faraday’s most distinguished contemporaries were far from sharing 
this conviction. “ I declare,” wrote Sir George Airy in 1855, “ that I can hardly 
imagine anyone who prifctically and numerically knows this agreement ” between 
observation and the results df calculation based on action at a distance, * * to hesitate 
an instant in the choice between this simple and precise action, on the one hand, 
and anything so vague and varying as lines of force, on the other hand.” Cf. 
Bence Jones's Life of Faradaif^ ii, p. 353. 

X Exp, Ees,j } 116. 


§ Ibid,, § 213. 
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Famtlay s own words* that “whether the wire din^elly or 

obliquely aen>ss the lines of force, in one direction or another, it 
sums up the amount of the foiws representetl by the lines it 
has crossed/' so that “ the quantity of electricity thrown into a 
ctUTent is directly as the nunil)er of curves intersected/'t The 
induced electromotive force is, in fact, simply pi*oportional to 
the miiuKn* of the unit lines of magnetic force intersecttnl hy 
the wire per second. 

This is the fundamental principle* of the iiuluctiou of 
currents. Faratlay is undoubtedly entitled to the full honour 
of its discovery ; but for a right understandhig of the progress 
of electrical theory at this {leriod, it is necessary to remember 
that many years elapsed U'fure all the conceptions involved in 
Faiaday’s prineiple l)ecame clear and familiar to his contem- 
poraries; and that in the meantime the probhun of formulating 
the laws of induced ciUTeiits was approached with success from 
other jxdnts of view. Then* were iiuh?ed many t^bstacles to tin* 
direct appropriation of Faraday’s work by Uu* mathematical 
physicists t>f his (»wn generation; not i»eing liimself a mathe- 
matician, lie was unahle to address them in their own language; 
and his fav<nirite mode of representation hy moving lines of 
force lepelled analysts who had been trained in the school of 
I^place ami Poisson. Moreover, tlie idea of eleidromotivt* force 
itself, which had lieen ajiplied to currents a few years previously 
ill Ohm’s memoir, was, avS we have seen, still involved in 
obscurity and misapprehensif)!!. 

A curious question which arose out of Faraday’s theory 
was whether a bar-magnet which is rotated on its own axis 
carries its lines of magnetic force in rotation with it. Faratlay 
himself believed that the lines of force do not rotate J: on this 
view a revolving magnet like the earth is to be regarded as 
moving through its own lines of force, so that it must become 
charged at the equator and poles with electricity of opposite 
signs ; and if a wire not partaking in the eartli’s rotation were 
to have sliding, contact with the earth at a pole and at the 

t/WflT., §3115. tllnd., § 3090. 


* Exp, J?«., § 3082. 
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equator, a curreiit would steadily flow through it. Experiments 
confirmatory of these views were made by Faraday himself;* 
but they do not strictly prove his hypothesis that the lines of 
force remain at rest ; for it is easily seenf that, if they were to 
rotate, tliat part of the electromotive force which would be 
produced by their rotation would be derivable from a potential, 
and so would produce no effect in closed circuits such as Faraday 
used. 

Three years after the "commencement of Faraday's researches 
on induced currents he was led to an important extension of 
them by an observation which was communicated to him by 
another worlcer. William Jenkin had noticed that an 
electric shock may be obtained with no more powerful source of 
electricity than a single cell, provided the wire through which 
the current passes is long and coiled ; the shock being felt when 
contact is broken. J As Jenkin did not choose to investigate 
the matter further, Faraday took it up, and showed§ that the 
powerful momentary current, which was observed when the 
circuit was interrupted, was really an induced cuiTent governed 
by the same laws as all other induced currents, but with this 
peculiarity, that the induced and inducing currents now flow'ed 
in the same circuit. In fact, the current in its steady state 
establishes in the surrounding region a magnetic field, whose 
lines of force are linked with the circuit ; and the removal of 
these lines of force when the circuit is broken originates an 
induced cm rent, which greatly reinforces the primary current 
just before its final extinction. To this phenomenon the name 
of sdphulnctim has been given. 

The circumstances attending the discovery of self-induction 

* £xp. lies,, 218, 3109, &c. 

t Cf. W. Weber, Ann. d. Phye. lii (1841) ; S. Tolver Preston, Phil. Mag. xix 
(1885), p. 131. In 1891^8. T. Preston, Phil. Mag. xud, p. 100, designed a crucial 
experiment to test the question ; but it was not tried for want of a sufficiently 
delicate electrometer. 

} A similar observation had been made by Henry, and published in the Amer. 
Jour. Sci. xxii (1832), p. 408. The spark at the rupture of a spirally- wound 
circuit had been often observed, e.g., by Pouillet and Nobili. 

} JSxp, JRes., i 1048. 


O 
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occasioned a comment from Faraday on tlu> nunil>i*r of Hjiigges- 
tions which wore eoutinnally l>eing laitl Indore Inni. He re- 
marked that althuu^;!) at ditl'erent timcH a lai 4 ;e ntiiii))er of 
authors had pi'esented liim with their itleas. tliis ease of 
Jenkin was the only one in which any result liad followed. 
“ The volunteers aro serious emlsirrassinenU gcneraliy to the 
experienced philosopher.”* 

The discoveries of Oersted, Ampere, and Faraday had shown 
the close connexion of magnetic with hloctric science. Hut the 
connexion of the ditlerent branches of electric science with 
each other was still not altogether clear. Althuugii Wollaston's 
experiments of 1801 lunl in odect proved the identity in kind 
of the currents derived fivni frictional and voltaic .'iources, the 
question was still reganled as (»i»en thirty ycar.>» aftci wards, f no 
satisfactory explanation l>eing forthcoming of the fact that 
frictional electricity app('ared t<» be a surface-phenonjcnon, 
whereas voltaic electricity was conducted within the interior 
sulistance of Ixalies. To this (jucstion Faraday now appli«*d him- 
self; and in 188.‘1 he sueceededj in .showing that every known 
effect of electricity — physiological, magnetic, luminous, calorific, 
chemical, and mechanical — may Ijc obtained indifferently cither 
with the electricity which is obtained by friction or with that 
obtained from a voltaic liattei'y. Henceforth the idtmtity of the 
two was beyond dispute. 

Some misapprehension, however, has existed among later 
writers as to the conclusions which may Ite drawn from this 
identification. What Faraday proved is that the process which 
goes on in a wire connecting the terminals of a voltaic cell is of 
the same nature as the process which fora short time goes on in 
a wire by which a condenser is discharged. He did not prove, 

* Bence Jones’s Life of Faraday^ ii, p. 45. 

t Cf. John Davy, Phil Trans., 1832, p. 259 ; W. Ritchie, ibid., p. 279. Davy 
suggested that the electrical power, according to the analogy of the solar ray,*’ 
might be ** not a simple power, but a combination of powers, which may occur 
variously associated, and produce all the varieties of electricity witli which we are 
acquainted.” 

'ap, Series iii. 
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and (lid not profess to have proved, that this process consists in 
the actual niovement of a quasi-substance, electricity, from one 
})lale of the condenser to the other, or of two quasi-substances, 
the resinous and vitreous electricities, in opposite directions. 
The process had been pictured in this way by many of his 
predecessors, notably by Volta; and it has since been so 
pictured by most of his successors : but from such assumptions 
Faraday himself carefully abstained. 

What is common to all theories, and is universally conceded, 
is that the rate of increase in the total quantity of electrostatic 
charge within any volume-element is equal to the excess of the 
■influx over the efflux of current from it. This statement may 
be represented by the equation 

^^+divi = 0, (1) 

where p denotes the volume-density of electrostatic charge, 
and i the current, at the place (a?, y, z) at the time L Volta’s 
assumption is really one way of interpreting this equation 
physically: it presents itself when we compare equation (1) 
witli the equation 

+ cliv (pv) = 0, 

which is the equation of continuity for a fluid of density p and 
velocity v : we may identify the two equations by supposing i 
to be of the same physical nature as the product pv; and 
this is precisely what is done by those who accept Volta’s 
assumption. 

But other assumptions might be made which would equally 
well furnish physical interpretations to equation (1). For 
instance, if we suppose p to be the convergence of ant/ vector of 
which i is the time-flux,* equation (1) is satisfied automatically ; 

• In symbols, 


div B IS - pf 



where s denotes the vector in question. 

O 2 
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we can picture this vector aslieing of the uatur*’ of a diKplace- 
ment. By such an assumption we should avoid altogcthei* the 
necessity for regarding the eouduction-curixuit os an actual 
flow of electric charges, or for siHJculating whetlau* the drifting 
charges are positive or negative ; and there would Ih' no longer 
anything surprising in the produclion of a null eflect by the 
coalescence of electric charges of opposite signs. 

Faraday himself wished to leave the matter o|x.ui, and to 
avbid any definite assumption * Perha|>s the best indication of 
his views is afforded by a lakiratory notef of date 1837 : — 
After much consideration of the manner iii which the 
electric forces are arranged in the various phenomena generallyi 
I have come to certain conclusions which I will endeavour to 
note down without committing myself to any opinion as to the 
cause of electricity, i.e., os to the nature the {lower. If 
electricity exist independently of matter, then I think that the 
hypothesis of one fluid will not stand against that of two fluids. 
There are, I think, evidently what I may call two elements of 
power, of e({ual force and acting toward each other. But these 
{lowers may be distinguished only by difrrthu, and may lie no 
more separate than tlie nfirth and south forces in the ehunents 
of a magnetic needle. They may be the jiolar points of the 
forces originally placed in the {larticles of matter.*’ 

It may lie remarked that since the rise of the mathematical 
theoiT of electrostatics, the controversy between the siqiporters 
of tne one-fluid and the two-fluid theories had become 
manifestly liarren. The analytical equations, in which 
interest was now largely centred, could be interpreted equally 
well on either hyixithesis; and there seemed to be little 
prospect of discriminating between them by any new experi- 
mental discovery. But a problem does not lose its fascination 

*** His principal aim,’* said Helmholtz in the Faraday Lecture of 1881, 

** was to express in hU new conceptions only facts, wiih the least possible use of 
hypothetical substances and forces. This was really a progress in general 
scientific method, destined to purify science from the last remains of meta- 
physics.” 

t Bence Jones’s Life of Fortutay^ ii, p. 77. 
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TDecaiise it appoq,rs insoluble. “ I said once to Faraday,” wrote 
Stolvos to his father-in-law in 1879, “ as I sat beside him at a 
British Association dinner, that I thought a great step would 
be made wlien we should be able to say of electricity that 
which we say of light, in saying that it consists of undula- 
tions. He said to me he thought we were a long way off that 
yet.”* 

For his next series of researches, t Faraday reverted to 
subjects which had beelh among the first to attract him as an 
apprentice attending Davy’s lectures : the voltaic pile, and the 
relations of electricity to chemistry. 

It was at this time generally supposed that the decomposi- 
tion of a solution, through which an electric current is passed, 
is due primarily to attractive and repellent forces exercised on 
its molecules by the metallic terminals at which the current 
enters and leaves the solution. Such forces had been assumed 
both in the hypothesis of Grothuss and Davy, and in the rival 
hypothesis of De La Hive the chief difference between these 
being that whereas Grothuss and Davy supposed a chain of 
decompositions and recompositions in the liquid, De La Eive 
supposed the molecules adjacent to the terminals to be the 
only ones decomposed, and attributed to their fragments the 
power of travelling through the liquid from one terminal to the 
othei’. 

To test this doctrine of the influence of terminals, Faraday 
moistened a piece of paper in a saline solution, and supported 
it in the air on wax, so as to occupy part of the interval 
between two needle-points which were connected with an 
electric machine. When the machine was worked, the current 
was conveyed between the needle-points by way of the 
moistened paper and the two air-intervals on either side of it ; 
and under these circumstances it was found that the salt under- 
went decomposition.* Since in this case no metallic terminals of 
any kind were in contact with the solution, it was evident that 

* Stokes’s Seientyie Correspondence^ vol. i, p. 353. 

t Mxp, Mee.^ § 450 (1833). 


J Of. pp. 78-9. 
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all hypotheses which attributetl deconiiH)sition the ac tion of 
the terminals were untenable. 

The j?roiind being thuscleared by the demolition of previnim 
theories, Fanulay was at liU'rtv to construct a theory of his 
own. He retained one of the idejus (»f (frotliU''s’ and Davy’s 
dcxjtrine, namely, that a elmin of tlecomp*>sitit>nH and recomhi- 
nations takes place in the licpiid ; but these molecular proc esses 
he attributed not hi any action of the terminals, but to a power 
possessed by the electric current itself, at all places in its 
course thmugli the solution. If as an example we wiiisider 
neigh bonriiig molecuiles ^4, B, ( \ I), ... of the comjxnind — say 
water, which was at that time Injlieved to l)e directly decom- 
posed by the current — Faraday supposed that before the 
passage of the current the hydrogen of A would be in close 
union with the oxygen of A, and also in a loss close relation with 
the oxygen atoms of /?, C, J), . . . : these latter relations In'ing 
conjectured to l>e the cause of the attraction ()f aggregation in 
solids and Hiiids.^ When an electric current is sent through the 
liquid, the alHiiity of the hydrogen (»f A for the oxygen of It is 
strengthenetl, if A and B lie along tiu* direction of the current ; 
while the hydrogen A withdraws some of its bomls from the 
oxygen of A, with whicli it is at the inoincnl combined. So 
long as the hydrogen and oxygen of A remain in association, 
the state thus indiietMl is in«*rely one of polari;5ation ; hut the 
compound molecule is unablc» to stand the strain thus imposed 
on it, and the hydrogen and <»xygen of A jwii t company from 
each other. Thus decom|K)Hitions take place, followed by 
recombinations : with the result that after each exchange an 
oxygen atom associates itself with a partner nearer to the 
positive terminal, while a hydrogen atom associates with a 
partner nearer to the negative terminal. 

This theory explains why, in all ordinary cases, the evolved 
substances appear only at the terminals ; for the terminals are 
the limiting surfaces of the decomposing substance ; and, except 
at them, every particle finds other particles having a contrary 
^ Exp. Rei., } 623. 
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teiidfiicy witli which it can combine. It also explains why, in 
iiiniK'roii.s cfises, the atoms of the evolved substances are not 
retained hy the terminals (an obvious difficulty in the way of 
all theories which suppose tlie terminals to attract the atoms): 
for the evoh'ed substances are expelled from the liquid, not 
drawn out by an attraction. 

Many of the perplexities which had harassed the older 
^lieories were at once removed when the phenomena were re- 
garded from Faraday’s point of view. Thus, mere mixtures (as 
opposed to chemical compounds) are not separated into their 
constituents by the electric current ; although there would seem 
to be no reason why the Grothuss-Davy polar attraction should 
not operate as well on elements contained in mixtures as on 
elements contained in compounds. 

In the latter part of the same year (1833) Faraday took up 
the subject again.* It was at this time that he introduced the 
terms which have ever since been generally used to describe 
the phenomena of electro-chemical decomposition. To the 
terminals by which the electric current passes into or out of the 
decomposing body he gave the name electrodes. The electrode 
of high potential, at which oxygen, chlorine, acids, &c., are 
evolved, he called the cmale, and the electrode of low potential, 
at which metals, alkalis, and bases are evolved, the cathode. 
Those bodies which are decomposed directly by the current 
he named electrolytes ; the parts into which they are decomposed> 
ioiis ; the acid ions, which travel to the anode, he named anions \ 
and the metallic ions, which pass to the cathode, cations. 

Faraday now proceeded to test the truth of a supposition 
which he had published rather more than a year previously ,f 
and which indeed had apparently been suspected by Gay-Lussac 
and ThenardJ so early as 1811; namely, that the rate at which 
an electrolyte is decomposed depends solely on the intetisity of 
the electric current passing through it, and not at all on the 
size of the electrodes or the strength of the solution. Having 

• £xp. Hes., § 661. t § 377 (Dec. 1832). 

X Jtecherehes phjfsieo^ehmiqttts faiUa aur la pita ; Paris, 1811, p. 12. 



200 


Faraday. 


established the accuracy of this law,* ho fouiul by a coiuparisoii 
of diffeixjnt elwtrolytes that the mass of anv i« n libcralotl by 
a given (luantity of oloetruity is jnoportional lo its ilumind 
iquivalentf i.o. to the amount of it re<iuii'od to f oiubiue with 
some standard mass of stuno standanl ohuncnt. If an olomciit 
is /^-valent, so that one of its atoms can hoM in combination 
n atoms of hydrogen, the chemical e(pii valent of lliis element 
may be taken to be 1/a of its atomic weight; ami therefore 
Faraday’s result may 1^ expi'cssed l>y .saying that an electric 
current will lilxnute exactly one atom of tlu‘ element in 
question in the time which it would take to liberate a atoms 
of hydrogen.f 

The quantitative law seemed to FaradayJ imlicati* that 
“ the atoms of matter are in some way endowed or associateil 
with electrical powers, to whicli they owe tb(*ir most striking 
qualities, and amongst them their mutual chemical attinity.” 
Looking at the facts of electrolytic decomposition from this 
point of view, he sliowcd how natural it is to sujiposc that 
the electricity whicli passes through the tdectn^Iyte is iIk? c^xact 
equivalent of that wliich is posstsstfl ]>y the atoms sejiarated at 
the electrodes; which implies that //ow; w n vftfuin ffhsolnte 
quantitff of fhf rlrrfriv povrr nmiviutnd v:ifh rnrh at out of 
niattfr. 

The claims of this splendid sjieculation he advocattnl with 
conviction. “The harmony,” he wrote, §“ which it introduces 
into the associated theories of definite projxirtions ami electro- 
chemical affinity is very great. According to it, the equivalent 
weights of bodies are simply those quantities of them which 
contain equal (quantities of electricity, or have naturally equal 
electric powers ; it being the electeicity which ddevmhwi the 
equivalent number, heca'itse it determines the combining force. 
Or, if we adopt the atomic theory or phraseology, then the 

* Exp. lUt.y 713-821. • 

t In the modem units, 96580 coulombs of electricity must pass round tlie 
circuit in order to liberate of each ion a number of grams equal to the quotient of 
the atomic weight by the valency. 

I Exp. Eea,, i 852. 


i Ibid., i 869. 
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iitoiiis of bodies which are equivalent to each other in their 
onl inary chemical action, have equal (|uantities of electricity 
naturally associated with them. “But,” he added, “1 must 
confess I am jealous of the term atom: for though it is very 
easy to talk of atoms, it is very <lifticult to form a clear idea 
of their nature, especially when compound bodies are under 
•consideration.” 

These discoveries and ideas tended to confirm Faraday in 
preferring, among the rival theories of the voltaic cell, that one 
to which all his antecedents and connexions predisposed him. 
The controversy between the supporters of Volta’s contact 
hypothesis on the one hand, and the chemical hypothesis of 
Davy and Wollaston on the other, had now been carried on 
for a generation without any very decisive result. In Germany 
and Italy the contact explanation was generally accepted, under 
the influence of Christian Heinrich Pfafi’, of Kiel {h, 1773, 
(L 1852), and of Ohm, and, among the younger men, of Gustav 
Theodor Fechner (5. 1<S01, rf. 1887), of Leipzig,* and Stefano 
Marianini (6. 1790, d, 1866), of Modena. Among French writers 
De La Eive, of Geneva, was, as we have seen, active in support 
of the chemical hypothesis; and this side in tlie dispute had 
always been favoured by the English philosophers. 

There is no doubt that when two dilierent metals are x>ut 
in contact, a difference of potential is set up between them 
without any apparent chemical action ; but while the contact 
party regarded this as a direct manifestation of a “contact- 
force ” distinct in kind from all other known forces of nature, 

• Johann Cliristian Poggendorff {b. 1796, d, 1877), of Berlin, for long the editor 
of the Annalen der Physik, leaned originally to the chemical side, but in 1838 
became convinced of the truth of the contact theory, which he afterwards actively 
defended. Moritz Hermann Jacobi (b, 1801, d, 1874), of Dorpat, is also to be 
mentioned among its advocates. 

Faraday’s first series of investigations on this subject uere made in 1834: 
Exp^ Ees,, series viii. In 1836 De l.a Hive follow^ed on the same side with his 
lUcherches aur la Came d^VEUcir, Voltaiqm, The views of Faraday and De La 
Rive were criticized by Pfaff, Eevision der Lehre vom Galvanismua, Kiel, 1837, and 
by Fechner, Ann. d. Phys., xlii (1837), p. 481, and xliii (1838), p. 433 : translated 
Phil. Mag., xiii (1838), pp. 205, 367. Faraday returned to the question in 1840, 
Exp, Eea,, series xvi and xvii. 
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the chemical party explainetl it as a conseipieniM- uf ehmnical 
alftnity or incipient ehemicfal action hetween tht nu»tals ami 
the surrounding air or moisture. Tliere is also no doul^t that 
the continued activity of a voltaic cell is always accompanied 
by chemical unions or decumt^>sitions; hut whih? the chemical 
party asserted that these eunstituto the etticietit source of the 
cumnt, the contact i)arty it^arded them as secondary actions, 
and attributed the continual cii*culation of electricitv to the 
perjietual tendency of the electi'omotK'e force of contact ta 
transfer charge from one substance to another. 

One of the most active 8U])i)orter8 of the chemical theory 
among the English pliysicists immediately preceding Farailay 
was Peter Mark Iloget (^>. 1779, iL 1SG9), to whom are due two 
of the strc»ngest arguments in its favour. In the first place, 
carefully distinguishing between the qianitittf of electricity jmt 
into cin'ulation by a cell and ihe/f’aWoa at which this electricity 
is furnished, he showed that the latter (piantity depends on the 
‘‘energy of the chtunical action — a fact which, when takim 
together with Faraday's discovery that the quantity of electricity 
put into circulation dejsunls on tln^ amount of eluunicals (M)n- 
suined, places the oiigin of voltaic activity Ixjyond all (|U(\stion. 
liOget’s principle was afterwards verified hy Faradayt and hy 
l)e I>a ItiveJ ; “ the electricity f>f the voltaic pile is [)ro])ortionatc 
in its intensity to the intensity of the atlinities concerned in 
its production,'* said the former in 18:14; while De I^i Rive 
wrote in 18:»6, “Tlie intensity of the currents developed in 
combinations and in decomjKjsitions is exactly proportional to 
the degree of affinity which subsists between the atoms whose 
combination or sej)aration has given rise to these currents.*' 

* “ The absolute quantity of electritily which is thus developed, und made to 
eirculate, will depend upon a variety of circumstances, such as the extent of the 
•urfoces in chemical action, the facilities afforded to its fransmission, 8cc, But 
its degree of intensity, or tennion, as it is often tenned, *will be regulated by other 
causes, and more especially by the energy of the chemical action.** Roget’a 
Oahanwn (1832), (70. 

t Exp. Ee$., (§ 908, 909, 916, 988, 1958. 

X Annales de Ghim., Ixi (1836), p. 38. 
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Xot resting ^lero, however, Iloget brought up another argu- 
ment of far-reaeliing significance. “ If,” he wrote,* “ there could 
exist a jiower having the property ascribed to it by the [contact] 
hypothesis, namely, that of giving continual impulse to a fluid 
in one constant direction, without l)eing exhausted by its own 
action, it would differ essentially from all the other known 
powers in nature. All the powers and sources of motion, with 
the operation of which we are acquainted, when producing their 
peculiar effects, are expanded in the same proportion as those 
effects are produced ; and hence arises the impossibility of 
obtaining by their agency a perpetual effect ; or, in other words, 
a perpetual motion. But the electro-motive force ascribed by 
Volta to the metals when in contact is a force which, as long 
as a free course is allowed to the electricity it sets in motion, 
is never expended, and continues to be exerted with undi- 
minished power, in the production of a never-ceasing effect. 
Against the truth of such a supposition the probabilities are 
all but infinite.’' 

This principle, which is little less than the doctrine of 
conservation of energy applied to a voltaic cell, was reasserted 
by Faraday. The process iimigined by the contact school 
“ would,” he wrote, ‘‘indeed be a creniion of 2 iov:ei\ like no other 
force in nature.” In all known cases energy is not generated, 
but only transformed. There is no such thing in the world as 
“a pure creation of force; a production of power without a 
corresponding exhaustion of something to supply it.”t 

As time went on, each of the rival theories of the cell 
became modified in the direction of the other. The contact 
party admitted the importance of the surfaces at w'hicli the 
metals are in contact with the liipiid, where of course the chief 
chemical action takes place ; and the chemical party confessed 
their inability to explain the state of tension which subsists 
before the circuit is blosed, without introducing hypotheses just 
as uncertain as that of contact force. 

*Eoget*li Galvanism (1832), § 113. 

Exp. } 2071 (1840). 
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Faraday’s own view on this point* was jthat a plalo of 
amalgamated zinc, when ]>laced in dilute sulphuric acid, has 
power so far to act, by its attmetion for the oxygen of the 
particles n contact with it, as to place the similar forces already 
active between these and the other particles of oxygon and 
the particles of hydrogen in the water, in a ijeculiar state of 
tension or polarity, and probably also at the same lime to 
throw those of its own particles which are in contact with the 
water into a similar but opp<^sed static Whilst this slate is 
retaine^l. no further change <KJeiirs: hut when it is relieved 
by completion of the circuit, in which ease the forces detcrmiiuxl 
in opiK)site directions, with respect to the zinc and the elec tro- 
lyte, are found exactly competent to neutralize eaeli othi‘r, then 
a series of decompositions ami recompositions takt»s J^la(iO 
amongst the particles of oxygen and hyilrogen wliich constitute 
the water, l»et.weeu the place of contact with the platimi and 
the place where the zinc is active : these intervening particles 
being evidently in close dependence upon and relation to each 
other. The zinc forms a direct compound with those particles 
of oxygen whicli were, previously, in divided relation to both 
it and the hydrogen : the oxide is removed by the acid, and a 
fresh surface of zinc is presented to the water, to renew and 
repeat the action.” 

These ideas were developed further by the later adherents 
of the chemical theory, especially by Faraday’s friend Cliristian 
Friedrich Schbnbein,t of Basle (//. 1799, d. 1868), the<liscoverer 
of ozone. Schbnbein made the hypothesis more <lefinite by 
assuming that when the circuit is open, the molecules of water 
adjacent to the zinc plate are electrically polarized, the oxygen 
side of each molecule being turned towards the zinc and being 
negatively charged, while the hydrogen side is turned away 
from the zinc and is positively charged. In .the third quarter 

• Ren,, { 949. 

t Ann. d. Phy«., Ixxviii (1849), p. 289, translated Archives des sc. phys., ziii 
(1850), p. 192. Paraday and Schonbein for many years carried on a correspondence, 
which has been edited by G. W. A. Kahlbaum and F. V. Darbishire: London, 
Williams and Nor gate. 
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of the nineteenth century, the general opinion was in favour 
of some such conception as this. Helmholtz* attempted to 
grasp the molecular processes more intimately by assuming 
that the different chemical elements have different attractive 
powers (exerted only at small distances) for the vitreous and 
resinous electricities : thus potassium and zinc have strong 
attractions for positive charges, while oxygen, chlorine, and 
bromine liave strong attractions for negative electricity. This, 
differs from Volta’s original hypothesis in little else but 
in assuming two electric fluids where Volta assumed, only 
one. It is evident that the contact difference of potential 
between two metals may be at once explained by Helmholtz’s 
hypothesis, as it was by Volta’s ; and the activity of the voltaic 
cell may ])e referred to the same principles : for the two ions 
of which the luiuid molecules are composed will also possess 
different attractive powers for the electricities, and may be 
supposed to be united respectively with vitreous and resinous 
charges. Thus when two metals are immersed in the liquid,, 
the circuit being open, the positive ions are attracted to the 
negative metal and the negative ions to the positive metal, 
thereby causing a polarized arrangement of the liquid molecules 
near the metals. When the circuit is closed, the positively 
charged surface of the positive metal is dissolved into the fluid ; 
and as the atoms carry their charge with them, the positive 
charge on the immersed surface of this metal must be per- 
petually renewed by a current flowing in the outer circuit. 

It will be seen that Helmholtz did not adhere to Da\y’a 
doctrine of the electrical nature of cliemical affinity quite as. 
simply or closely as Faraday, who preferred it in its most direct 
and uncompromising form.^ “ All the facts show us,” he wrote, t 
“that that power commonly called chemical affinity can be 
communicated to* a distance through the metals and certain, 
forms of carbon ; that the electric current is only another form 
of the forces of chemical affinity ; that its power is in proportion. 

* In his oelebrateu memoir of 1847 on the Conservation of Energy. 

t i 918. 
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to the choinical atiinitu^H imKlucing it; that it is flrticiont 

in force it iimy hcl[HHl by ctUIing in cheinieal ui^i, ih»*‘ want 
ill the funner l>eiiig made up hy an equivalent uf the latuu*; 
that» in other words, the /om-Jt termed t/utHua/ nmi 

ekdrieity are me tnul the MimeJ* 

III the interval between Faraday earlier and laUu' juipers 
on the cell, some important results on tlie same subject wei^e 
pnbliahetl by Fretleric Datiiell (k 1T90, rf. 1845), IVofessor of 
Chemistry in King’s College, London.^ Daniell showed tliat 
when a current is jiassed tliroiigh a solution of a salt in water, 
the ions which carry the current ai'e those derive<i from the salt, 
and not the oxygen and hytli^ogen ions deriveil from the water; 
this follows since a current dividers itself lietween different mixed 
electmlytes aceonting Ut the difliciilty uf dmiiniKKsing each, ami 
it is kiiowrii that puie water can ehtetrolysed c»nly with gmit 
difticiilty. I)ani(dl further showed that the ions arising fi’^an 
(f«iy) siKltutu sulphate are not represented hy NajOand SO*, but 
by Na and 80i; and lluil in such a wist* as this, snlplmric at iil 
is formed at the anode and sixla at the calhfKle by seetuidary 
action, giving rist*. l4» tlie observed evolution of t>xygen lunl 
hydrogen ix'sjietjtively ai these lerniinals. 

The re?M*aix:hes id F.initlay i»n tin* tleet>inposition of t heiiiicul 
comjKUiiids phujed Ih'Iwwh electrodes maintained at diifenuit 
potentials led him in 18.‘»7 to reflwjt on the Whavioiir of such 
sulistances as oil of tui'iientine or sulphur, when placed in the 
same situation. These Isxlies do not conduct electricity, ami 
are not decomposed ; hut if the metallic faces of a condenser 
are maintained at a definite |H>Umtial ditrcreiice, ami if the 
space tetween them is occupied by one uf these insulating 
substances, it is found that the charge on either face depends 
on the nature of the insulating sul)Stancc. If for any jiarticular 
insulator the charge has a value c times the value which it 
would have if the intervening Iwxly were air, the number f 
may be regarded as a measure of the inllueuce wdiich the 
insulator exerts on the prop^ation of electrostatic action 
* rtil. Tram., 1S39, p. 97. 
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tlii'Ujih it: K^waw culM by Faraday tlio aprnjie 
i4tp rrift/ of tin* UlHUlat<»r.* 

I'ho tlisc4»vi*ry at thin jii-oj^frly of iii.sulatiiiK Kub»tane«i5 or 
4lid*rtrivH ntised tho qiioHtion im in whether it could be 
haruioiiizod with the old i<lea« of electrostatic action^ Consider, 
for exaniplc, the forwi of attraction or repulsion l^etwaen two 
small eleetrically-charjjjed bodies. So long as they are in air, 
the force is proportional the inverse sr(uare of the diatande ; 
blit if the medium ifl which tliey are iminei'sed Ik? partly 
changed — e.g.. if a glolx? of sulphur lx? inserted in the intervening 
8|Mice— this law is no lunger valid : the change in the 4lielectric 
afVtK'ts the distribution of elc*ctric intensity throughout the 
entire field. 

'rin* pndilem coubl Is* sjitisfai/torily s<ilved <»nly by f^^rining 
a physu ul coni epiion of the action of dieb-f iric*s : and such a 
conception Kantday now put b>rward. 

Tin* original idea lunl Isk'ij proiiiiilgaUsl long U,*f»*rc by his 
master lfa\y. I>avyjt will Ik* renieinlK*n*<l.t in his explanation 
of the V4»ltaie pile, liad supjMisefl that at first, lH?f»»iv chemical 
4leeoinjK»sitions take place*, the li<|uid plays a part analogies to 
that of the glass in a Leyden jar, and that in this is in vnlvet! an 
electric |K>larizatioii of the liquid molecmles.^ Tin’s hy}M*thesifi 
was now dt*velojM»d by Faraday. Keferring first U»his *»wn work 
on tdectrolysis. lie asserted§ that the l>ehavic»ur of a dielectric is 
exactly the sinie as that of an electrolyte, up U» the ixMiit at 
which the electrolyte breaks down under the electric stiess ; a 
dielectric l.K?ing. in fact, a Inuly which is capable of sustaining 
lh(? stress without sullering ilecomjx>sition. 

“ For” he aigued,'i “let the electrolyte lie water, a plate of 
ice Ixiing coated with platina foil on its two surfaces, and these 

* f l'2i}2 (1837). Cavendish bail dUiH>vered spei tde induttive c apacity 

long bfforo, l)ut his p^cra were still unpublished. 

r Cf. p. 77. 

I This is expressly stated in Davy's £letMHts of Chcmiatl PMtosopht^ (IS12), 
Div. i, ^ 7, where ho lays it down that an essential ** property of non-conductors'* 
is ** to 1*6001 ve electrical polarities." 

i Jtei., H 1164, 1338, 1343, 1621. 

II £xp. { 1164. 
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coatings cuanecUnl with any ctmlimuHl souri:^^ of ihr^ two 
electrical piAvt‘i*»» the ico willehai>{v like u l^?ytlen arr ingiMunit. 
presenting a case of eumnuMi iiuhiction, hut no ciirreiit will pass. 
If the ice U' lu|uefunh the iiuiuctioii will now fall to a certain 
de^free, liccanse a cunvnt can now ; hut its passing is 
dependent ii|>oii a jpeenliar maleai/ar nrran^nttrnt of the i>miicles 
consistent with the transfer of the elements of tlie eliHjtrolyte in 
opposite directions . . . As. therefore, in the electrolytic action, 
induet itm appeared to bethe^^’sf step.anif the.’jriw^/ 

(the power of sep^irating these steps from each other by giving 
the solid or duid condition to the eleetndyte being in our hands) ; 
as the induction was the same in its natum as that through air. 
glass, wax. &c,, protiuceil by any of the ordinary means ; and as 
the whole eftect in the electndyte apjHMired to Ik^ an motion of 
the particles tlmiwn into a peculiar or |K»lari/ed I was 

glad to sus(»t^et that ooinmon imhu'titni itself was in all vuhvs an 
adioii of ooitifjHouH jHirfielrs, and that ehnitrical 4w^ti»»n at a 
distance <LC., ordinary inductive action) never fxjcnrivd exc ept 
thnnigh the iiiHuence of the intervening mali4*r/* 

Thus at llie ro4^>t of Famday’s coinieptioii of clectroslati** 
induction lay this itlea that the whole of the insulating ineiliuin 
timmgh which the action lakes place is in astaU* of polarization 
similar to that which prec^etles decoinjKKsition in an electrolyte. 
'' InsiiIatoi*8,’’ he wri>U*,* “ may Is.* wiid to lx* bodies whfwe 
particles can retain the polarized sUt<*, whilst c-oiidiictors are 
those wh^»«*^ i^iulicles iraniiot l»e iKTmanently jsdarized.*’ 

The conception which he at this time entertained of the 
polarization may lx? reconstructc^d from what he had already 
written conceding electrolytes, lie 8upjx)8edt that in the 
ordinary ur unpolarized condition of a bfxly, the molecules con- 
sist of atoms which are bound to each other by tln^ forces of 
chemical aHinity, these forces lieiiig really electrical in their 
nature ; and that the same forces are exerted, thpugh to a less 

* Exp. i 1338 . 

t This must not be taken to be more than an idea which Faraday mentioned aa 
present to his mind. He declined as yet to formulate a definite hypothesis* 
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, hot ween ^itouiH which ii<3loiig t/i different molecules, 
tliuH pr<»<liicing the [#henoiii<?nu of cohesion. When an electric 
field is set ui>, «‘i change takes pl'ice in the distribution of these 
foret*- ; some are strengthene<l and some are weakene<l, the 
elleet, Ixiing syimnetrieal aUiut tlie direction of the applied 
(dt'ctrio force. 

Such a jKilarized condition acquired by a dielectric when 
qdaced in an electric field prewmts an evident analogy to the 
condition of magnetic jxifarization which is acquired by a mass 
of soft iron when placed in a magnetic field ; and it was there- 
fore iiaturiil that in discussing the matter Faraday should 
introduce Urns of tUdrie forcr, similar to the lines of magnetic 
force which he had employetl so successfully in his previous 
rcsearclies. A lino of electric force lie defined to l>e a curve 
whose tangent at every point has the same direction as the 
electric intensity. 

The changes which take phute in an electric field when the 
dielectric is varied may he v<»ry simply <le4x:*ri}»tHl in terms of 
lines of foix'c. Tims if a mass of sulphur, or <»ther subsUince of 
high specific inductive capacity, is introduced into the field, 
the etlecl is as if the lines of force tend to crowtl into it: as 
W. Thomson (Kelvin) sh<»wed later, they are altertxl in the 
same way as the lines of flow n( heat, in a case of steady con- 
duction of heat, would be altered by intriHlueing a bculy of 
greater coiidueting jM>wer for heat. l\y studying the figures of 
the Hues of force in a great muiiber of individual cases, Faniday 
was led to notice tliat tht»y always dispose themselves its if they 
were .subject to a imittial rejmlsimi, or as if the tuK's of force 
had an inherent tendency to dilate.*' 

It is interesting t<» interpret by aiil of these conceptions the 
law of Friestley and C’oulonib reganling the attraction Ijctweeu 
two op])osiUdy-eharged spheres. In Faraday s view. theintHlium 
intervening between the sphen»s is tlie seat of a system of 
stresses, which may be repi'esenied by an attraction or tension 
along the linos of electric force at every iRiiiit. together with a 

• £xp. {§ Via, 1297 ( 1837 ). 
p 
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mutual repulsion of these lines, or pressure lat^rallv. When' u 
line of force ends on one of the apheivs, its tt'imion is exetcjiwMl 
on the sphere: in this way, every surhujc-eleineut of fuch 
sphere is pulletl outwards. If the spheies w< re entirely 
reinoveil fnun eardi others influence, the state of stt^ ss would In- 
uniform n>und eacli sphere, and tlje pulls on its stirfin i^ elements 
would Ivilance, giving no rc'suUant fi»ree on the pluue. Ihil 
when the twi» spheres art* brought into each other .s presem-o, 
the unit lines of force iH'come soniewlJat more erowiled togethei 
on the aides of the sphei\*s which fat‘e than on the renu>le sides, 
and thus the resultant pull on either sphere tends jo draw it 
towanl the other. When the sphems are at distfinci's givat 
compared with their radii, the attraction is nearly projK^rtional 
to the inverse mtuare of the distance, which is rriestley's law. 

In the following year* (1838) Faraday amplifieil* his ther^ry 
of electrostatic induction, by making further use t>f the analogy 
with the induction of magnetism. Fourteen years previously 
Poisson hurt unagine<l+ an artmirable model at tlie moltKiilar 
pnxjesses which accorniMiny magnetization; ami this was now 
applied with very little change by Farartay to tlie cuse of induc- 
tion in dielectrics. The particles of an insulating diidectric/’ 
he suggestetij “ whilst under induction may ls3 comiMin‘d to a 
series of small magnetic needles, or, mon* correctly still, to a 
series of small insulated <’Oiiductors. If the space rouml a 
charged glote were filled with a mixtun* of an insulating 
dielectric, as oil of turismtine or air, and sinall gl<»l)ular 
conductors, as shot, the latter Inung at a little disUiice from 
each other m fjus to insuluUMi, then tliese would in their 
condition and ac^tion exiictly resemble what I consider to Ik? 
the condition and action of the particles of the insulating 
dielectric itself. If the glols? were chaiged, these little con- 
ductors would all lx; {x>lar ; if tlie glolx? were discharged, they 
would all return to their normal stiiUj, *to be pi)larize<l again 
upon the recharging of the glol>e.” 

That this explanation accounts for the phenomena of stiecific 

* Ezp. Series xiv. t Cf. p. 65. % i ^^79. 
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iiHliP live r;apacity may Iks seen by what follows, which is 
Riibstjuiiially a IrunHlatioii into elect rostatical language of 
theory of iiuluoed magnetism.* 

Let ft ilonotc volume-density of electric chaige. For each 
of Kilim lay *8 "small shot” the integral 

fj f dif dz, 

intepraU‘d throughout the shot, will vanish, since the total 
chajg(5 of the shot is z<‘(;o: hut if r denote the vector (at*, y. s), 
the integral 

f/f fi r iij: dtj dz 

will not he zero, since it represents the electric polarization of 
the shot : if there art? N shot per unit volume, the quantity 

P - N\\\i,Xihcdydz 

will represent tlie total polarization jior unit volume. If d 
denote tlie electric force, and E the average value of d, P will 
1)0 proportional to E, say 

P « (f ^ 1) E. 

By integration by parts, assuming ail the quantities concerned 
to vary continuously and to vanish at infinity, we have 

Px ^ ^ ^ ” I j I ^ ^ ^ 

where ^ denotes an arbitrary function, and the volume-integrals 
are taken tliroughout infinite si>ace. Tfiis e<iuation shows that 
the polar-distrihution of electric charge t>n the shot is eijuivalent 
to a volume-distrihution throughout space, of density 

fi « - div P. 

Now the fundamental filiation of electrostatics may in 
suitahie units he written, 

, div d ; 

* W. Thomnon (Kvlvin), CAtub. and Dub. Math. Journal, November, 18i6 ; 
W. Tbonifjion's Puptra on JSUctrustaiica apui Mapnetismt ^ 43 sqq. ; F. O. MosstoUi, 
Arch, des sc. phys. (Geneva) vi (1847), p. 193 ; Mem. Uella Soc. Ital. Modena, 
(2)xiv(l850), p. 49. 
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and tliis gives on averaging 

div E ^ p, i jii, 

wheiv pi deriMles the volunie-di^iisity of free ele«i!ii* (l.argr. 
i.e. excluding that in the doublets ; or 

div (E -r P) - jjjj. 

or div (f E) r. p,. 

This is the fuudaiuental cHiuatiou of eleotn>»tatics, as luoditied 
in onler t4> take into aoetaint the offeot of the specific imhietive 
capacity 

The conception of action pn>ivigated step by step thnuigh a 
ineditmi by the infiuence i»f contiguous {articles liad a firm hf»ld 
on Fanuiay s iniinh and was applied hy him in almost every 
part of physics, " It api»ears to me possible, *’ he wrote in 
1838^ •*and even prohabh*, that magnetic action m«iy be 
coininnnicated to a distance by tite action t)f the intei veiling 
i>articles, in a maiin»*r having a relation to tin* way in which 
the inductive forc<*s <^f ^tltic elcetrieiiy are transferred to a 
distance; the intervening [articles assuming for the time !nr)n3 
or less of a jK'cuIiar cuudition, which (though wulli a vi‘ry 
iin|>»*rf»?<?t idea) I hav** scvoral times <*xpre.SHe*i by the term 
ele^tro-tonir 

The same set of ideas sufliced to ex|ilain elf?ctric currents. 
Conduction. Faraday suggested, J might l>e “ an action of 
Cfjntiginma partiitles, ilcjMunlfUit on the forces developed in 
electrical excitement ; these forces bring the particles iiiU> a 
state of tension or jKilarity ;§ and being in this sUite tho 
contiguous particles have a power c»r capability of communicating 
these forces, «me to tlie other, by which they are lowered and 
discharge <xjcurs.” 

* Exp Met,, i 1729. 

f This name had betfn devised in 1831 to express the state of matter suhjeet to 
magneto-electric induction ; cf. Exp, R€$,^ ^ 60. 

X Exp. Em9. iii, p. 513. 

{ As in electrostatic induction in dielectrics. 
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Alter working Htn*mi<iUHly for the ten years which followed 
IhtMli. iMiv(»ry of induced fMirrents, Faraday found in 1841 that 
his lii*:ilth was alVetjleil ; and for four yeai-s In? njstcd. A second 
jKM-in.i of hrilliant discovcnies hegan in ISiri. 

Many cxjauiinents had iieen marie at different times by 
variraiH investigatc^rs* witli the jiurpfrse of discovering a 
connexion U^twcicn iiiagnetistn and light. These had generally 
takr‘n the form of atUuiipts to magnetize bo<lies by exposure 
in particular ways Ut ]/artieular kinds of radiation ; and a 
successful issue ha<l been more than once reported, only to be 
negatived on re-examiiiation. 

The true path was first indicated by Sir John HerscheL 
Afttu' his tliscovery of the connexion l>etween the outward form 
of ijuartz crystals and their projHuty of rotating the plane of 
polarization of light, Herschel remarked that a rectilinear 
electric current, defl(*cting a ne<‘dle to right and left aill round 
it, possesses a lielicoidal clLssyininetry similar to that displayed 
by the crysUils. Tliei’efore/* he wrote, t “ induction led me to 
comdiule that a similar c<»nnexion exists, and must turn up 
somehow or oilier, bcdweeii the eltx‘tric eurnuit and |xilarized 
light, and that the plane of polarization \v»mld ]>e deflected by 
inagnef<i-ele<l licit Y.' 

The nature of this connexion was iliscovt»red by Faraday, 
who so far back as IS;;4^ hail transmitted indarized light 
through ail eh‘(trolytic solution iluring the passage of the 
current, in the hope of observing a change of polarization. 
This early attenii>t faih'd ; but in September, 1845, he varied 
the experiment by })lacing a piece of heavy glass lM?t\veen the 
poles of an excited electro-magnet ; and fouml that the plane 
of polarization of a beam of light was ndated when the l>eain 
travelled through the glass parallel to the lines of force of the 
magnetic iield.§ 

Moritihini, of Home, in ISIS, Quart. Jotirn. Sci. xix, p. 338«; hy 
Samuel Hunter Christie, of ('ambridge, in 1825, Phil. Trans., 1S20, p. 219; and 
by Mary Somerville in the same year, Phil. Trans., 1826, p. 132. 

t Sir. J. Herschel in Bence Jones's Life »/ Faraday^ p. 205, 

: Exp, life., § 951. ’ § lb„ \ 2152. 
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In the year following Faraclay’H discovery, Aii v * suggeHleil 
away of representing the eliect analytically; a« luigiit have lv4*en 
expected, this was by mo<lifying the e(|uutitnis whi< h bml lM*en 
already intnHluce<i by Macl^idlagh for the case *>f iiaturally 
active bodies. In Mac Cullagh s ^Njuations 
icM* .(Vr l^Z 

! « Cj* ^ ^ A* -K , 

d' fU** 

\7-Z 


. IZ P Y 
U‘‘ - At r- 

cv* (iH 


the terms ami Y.ti*^ change sign with S 4 > ih»* 

nHation nf the plane uf jM>larization is always right -Iia!»d»*d or 
alwayvS left-h<inded with ivsjH,‘ct t<» the direction of the hrani. 
This is the cause in natnnilly-active bodu‘s; but ilm lotalion due 
to a magnetic field is in the same absolute dircH'tiiUi whiclie\er 
way the light is tnivelling, so that the derivations with r!‘s|K‘cl 
to a? must 1)6 of even order. Airy propwed the e<|uatioii.s 


(tcr 

.<vr cn 


“ ••• ax’ " " w 

jr->z 

.a*^ ?r 




where /i denotes a constant, proportional to the stnmgth of the 
magnetic field which is used to pnxluce the cfPw^t. He n*marked, 
however, that instead of taking aj dZ/?f and fi d Yjdt as the additional 
terms, it wouhl Vie jiossible to take fA c^Zjet^ and P Yip^, or 
fid*Z/da:'d( and 5 * or any other derivates in which the 
number of differentiations is fxJd with resjHjct to t and ev(;n with 
respect to x. It may, in fact, ls» shown by the metljod ])re- 
viously applied to MacCulhigliH fonnuhie that, if tins equations 
are 

(irT ,f’’y 

Cf^ “ atr’ * t'Jfdf 


where {r -f s) is an odd numlier, the angle through which the 
* rhil. Mag. xxviii (1S46) p. 469 . 
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plain of iMihirization rotatcH in unit length of path is a numerical 
multiple of 



wIhmo r (l<*iu»t<*.s tlu‘ |Ku io<l of the light. Now it wa« shown by 
\'enli‘t* tliat the magnetic rotation Is approximately proportional 
to tli»» invei-se square (jf tin? wave-length ; and hence we must 
have 

• V* •- -s — J 

so that tin* <»iily e(iuations capable of cornjctly representing 
Faraday’s ellect are eith(*r 

/r' r ^ ^ ^ V ^ PZ 
■ p r 

\('f' (\l^ ' CJJ'P 

or 

oO' .ar 

dt* ' '' ar* ^ 
id^Z , yz pj' 

( r cU fV* 

The former jmir arise, as will appear later, in Maxwell’s 
theory of roUtory ]Hdariz<ation : the latter pair, which were 
8ugg(^UMl in 18G8 by Boussinesept follow' froln that physical 
theory of the phenomenon which is generally accepted at the 
present time.$ 

Airy’s work on tlu* magnetic station of light was limited 
in the same way as MacCuIlagh’s work on the nitatory power 
of c|uartz ; it furnished only an analytical reprt*sentation of the 
efUad, witlunit attempting to justify the equations. The eaidiest 
endeavour to prqviile a physical theory sotuns to have been 
matle in 1858, in tlu* inaugural cUssertatiou of Carl Neumann, 

* Oomptes Rendu«, Ivi (1863), p. 630. 

f j0ur$Ml tU xiii (1868), p. 430. 

t Y and Z being interpratoii a« components of electric force. ^ 
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of Halle* Neumann assuined that every element *f an elreti it’ 
current exerts fon*eon llio {wirticles t»f the aether; md in lurli 
cular that this is true of the iiiuUH!uliir eurnmts whi< U etm.Niitntr 
magneti^atioin altlurngli in this cas*' the foi'ce vaniNlies e\<‘ej)t 
when tlie aethereal imrtiele is almuly in motion. If e delude the 
diaplaeeuient of the aetluwal j^artiele ni, the force in nuesliim 
may be representeil by the term 

km [ e, K] 

where X denotes the impitsed magnetic field, and k denotes a 
magnetOHOptie amstant eharacteristie of the iKnly. When tfiis 
term is iiitroduce<t into the e(|uations of motion of the aethei% 
they take the form wliieh had l>een suggested hy Airy ; wluuu e 
Neumann a liy|>«)thesis is sivii to lea*! to the ineonwt c<»nelnsion 
that the rotation is iude|H'ntlent t>f the wave-lengtln 

The nAation of plane-|sduri/tMl light «lepeiuis, as Fresm*l had 
8hown,t on a dilVerone#' Inaween the vel<H*iiies of propagation of 
the right-handcHl and left-hamird eireularly polariziMl wavrs into 
which plane-lM»luri/ed light may Iw* msolvod. In lht‘ ease i>f 
magnetic rotation, this ditVerem-** was shown )>y Verdet to he 
proj>orlioiuil to the etmijHiiient the magnetic force in tlu^ 
direction of projKigation of theli'^rlit; ami i ornu* sluiwed further 
that the mean t»f the vehn ities af the right-handed and left- 
handed waves is eipial to the velocity of light in the medium 
when there is m^ magnetic tiidd. From Ihesi* data, hy Fresnel’s 
geometrical meth<»d, tlu* wave-surface in the medium may U* 
obtained; it is found to consist of two spheres (one relating 
to the right-hand(‘d and one to the left-hamh^d light), each 
identical with the splierical wave-surhict? of the unmagnetized 
medium, displaced from eaeh other along tlie lines of magnetic 
force.§ 

Th§ discovery of the connexion between magnetism ami 

* ISgpUeare UntnUir, quomndo Jiat^ ut lac%9 planum pohritationu per viret el. vel 
map» deelinetur* llati* Saxt^num, 1858. The reeiiltii wore repiiblUhed in a tract 
JHe maqneiiiehe Drthung der PolarUatiotiMehene dee Liehtee. Hallo, 18^3. 

t Gf. p. 174. X t*ompto« Rendiis, xcii (1881), p. 1308. 

} Cornu, Compteft Bendus, xeix (1884), p. 1015. 
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^tive iiitiMTHt to a fihort jjapin* of a 8]>cculative character 
whi«*h Fanuluy (mbliHhed* in IH4G, under the title ** Tlioughts 
on Kay-Vihratioim.” In this it is possible* to trace the progress 
of Kara<lay*s tliought towards something like an electro-magnetic 
tlioory of light. 

Considering first the nature of ponderable matter, he suggests 
that an ultimate atom may be nothing else than a field of 
force — electric,magnctie»and gravitational— surrounding a point- 
centre ; ozi this view, wlych is substantially that of Michell and 
Boscovich, an atom would have no definite size, but ought 
rather to Imj eoneeived of as eompletely penetrable, and extend- 
ing throughout all space ; and tlu^ molecule of a chemical 
oompouml would consist not of atoms side by side, but of 
“sjdiercs of jx^wer mutually inmetrated, and the ccutres even 
coinciding.**t 

All space Ixung thus permeati*d by lines of force, Faratlay 
8Uggc*sted that light and rmlianl lieat might be transvei'se 
vibrations propagated along lines oi force. In this way 

he proposed to dismiss the aether/' or rather to replace it by 
lines of force between centres, the centres together with their 
lines of forc<? constituting tin* panicles of material substances. 

If tin* existenc(i of a luminiferous aether were to lx* admitted, 
Faraday suggested that it might be the veliiele *>( magnetic 
force; for/* In* wrote in is not at all unlikely that 

if thc*re be an aether, it should have other uses than simply 

the conveyance of radiatit>ns.’* 'lliis sentence may be ivgarded 
as the origin of the* eleetro-magnetic theory of light. 

At the time when the “Thoughts on Hay -Vibrations ’ were 
published, Faraday was evidently trying to ctunpixdiend every- 
thing in terms of lines td force; his confidence in which had 
been recently justified by another discovery. A few weeks 
after the first observation of the magnetic rotation of light, he 
noticed§ that a bar vf the heavy glass which had been used in 

♦ Phil. Mag. (3), xxviii (1S46) ; Ejcp, iii, p. 447. 

t Cf. Bence Jonea'a Life of Furadey^ ii, p. 17S. 

t £xp. { 3076. i Phil. Trana., 1846, p. 21 : Exp. Ren,, { 2263. 
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this investigation, when sii8(>emltHl k'tvveen the }• 'les of an 
electro-magnet, set acnm the line jtuiiing tht‘ poles. tlniH 
behaving in tlie contrary way to a Uir of an onlinai v inagnelie 
substance, which wouM teml to set itself /fW/ this line. A 
simpler inanifestation of the etUH.*t was <»htaiiuHl whi'ii a euls* 
or sphen* of the sulKstanee was ustnl ; in smli forms it sluiwed 
a disposition to move fmni the stronger to the wenkei placid 
of the magnetic field. The planting of the lair Wiis then seen 
to be merely the resultant of the U;ndeneies of each of its 
particles to move outwanis into the j^ositions of weakest 
magnetic action. 

Many other Inxlies l^esides heavy glass were found to 
display the same property ; in purticularp bismuth.^ The name 
diamitgntiu was given to them. 

Thefiretically.” remarked Faniday, "an explanation of the 
movements of the diaim^gnetic 1 h.hIu*s might W otrerinl in the 
suppomtiofi that imignetic induction caused in them a contrary 
state to that which it produced in magnetic matter ; i.e. that if 
a jiarticle of each kind of matter were plaeed in the magnetic, 
field, lioth would U^ctaiie niagm*lic, and ••ach wouhl havt* its 
axis parallel to the resultant of imigneti*' fone p^issing lhr<»ugh 
it; hut the |»article of magnetic matter would have its m»rth 
ami south jsdcs opposit(\ <»r fa< ing toward the contrary jhiIch 
of the inducing inagntri. when^as with the diamagnetic paiticles 
the reverse would l»e the <’;ise ; and hence winild result ajiproxi- 
ination in the one suhstance, rf*ccssioii in tin; other. Upon 
Ampere’s theory, tins view wcaild l»e equivalent to the siq)- 
position that, as currents are indueed in iron and magneiiirs 
{tarallel to tho8<; existing in the indneang magnet or halUuy 
wire, so in hismuth, heavy glass, and diamagnetic hfalies, the 
currents indueed arc in the contniry direction.** 

This explanation IsHiaine generally known as the. “ liyiMjthesia 
of diamagnetic polarity ** ; it represents diafniqfnetism as similar 

* The repulsion of bismuth in tiie magnetic field had been previously observed 
by A. Brugmansin 1778; Antonii lirngmam Lugd. Bat., 1778. 

t Exp, \ 2429. 
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to onliiiary inchiccxl inaguetimn in all reflf>ect«, except that the 
(linnet ion of the induced pfdarity is reversed. It was accepted 
hy nther investij^atoi's, notably by W. WelKjr, PHickor, Iteich, 
and rymlall ; but was aflerwards cliKjdaced from the favour of 
its inventor by another c<iiiception, nuin* agreeable to his peculiar 
views on the natuiv of the inagiH;tic tiekl In this second 
hypothesis, Faraday 8U]>p08ed an ordinary magnetic or para^ 
IkkI)' Uy lie one which offers a specially easy passage 
U) lines of magnetic force, so that they tend to crowd into 
it in preference to other bodies ; >vhile he supposed a dia- 
magnetic body to have a low degree of conducting power for 
tlie lines of force, so that they tend to avoid it “ If, then,” he 
reasoned, t “ft medium having a certain conducting power occupy 
the magnetic field, and then a ])ortion of another medium or 
suixstaiiee be place<l in the field having a greater conducting 
|K)wer, the latter will tend to draw up towards the place of 
greatest force, displacing the former.” There is an electrostatic 
elfect to which this is quite analogous ; a charged bo<ly attracts 
a lK>dy whose siKJcific iiuluctive caimeity is greater than that of 
the surrounding iiuHlium, and rej)els a hotly whose Sj^ecific 
inductive capacity is less; in either ease the tendency is to 
affbnl the j>ath of Iwst conductance to the lines of force.* 

For some time tin advtK ates of ilie “ {.ndarity ” and 
“ conduction tlienries of diamiignetism currietl on a contro- 
versy which, indeed, like the controversy Innween the adherents 
of the one-fluid ami two-fluid tlieories of electricity, j^ji-sisteti 
ufUn’ it had been sln>wn that the rival hyixUheses were mathe- 
matically equivalent, ami that no exjunninont could be suggested 
which would distinguish Ix'tween them. 

Meanwhile new projx'rties of magnetizable botlies weiv. l>eing 
discovertxl. Jn 1847 Julius Plucker(ft. lS01,r/. 1868). Pnifessor 
of Natural PhiU)sophy in the rniversity of Ponii, while 
reiKXiting and ext^Midiiig Faraday’s magnetic exjieriraents, 

* This term was it it rod need by Faniday, Exp. Ees,, { 2790. 

t £xp» i 2798, 

* The mathenmtiojil titeory of the motion of a magnetizable body in a non* 
nniform held of force was discussed by W. Thomson (Kelvin) in 1847. 
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obeerveil^ tiuit certain uniaxal crystals. wIhmi jilacc I In tWKMi 
the two jM>les of a nuijjnci. tend to set theiuselvi*s Sf that tle‘ 
optic axis has the e<|uatt»rial {Hwition. At this tim» K.iraday 
was continuing his reseaivhes ; and, while investii^^itiiif; the 
diamagJU'tie properties of hismuth. was freipunitly einhairasM'd 
by the iK^eurrence of anomalous results. In 184S he ast-mlained 
that thesuL* wei'C in some way eoantH;t4^<l with tlm (‘lystalline 
form of tlte suKstance, and showedt that when a crystal <if 
bisiimtii is placed in a field i>f nuiforni*magiietic foret> (so that 
no tendency to motion arista from its diamagnetism) it stHs 
itself so as to have one of its crystalline axes dinH;te<l along 
the lines of funrt*. 

At first he sfujii^osctl this etteet to bo distinct from timt 
which ha<l l)een difHHVcn‘<l shorily U^fr^rc hy IMucker. **The 
results/’ he wrute^ “are aU«yt‘ther very tlilVercnt frnin those 
produccHl by diamagnetie action. Tluy an» tniually distiiiet from 
those «iis<[*f»veivd and d<*st‘rilMd hy riiuker, in Ins hiMuiifuI 
researches itito tlm ridation of tie* npiif axis to mai^uetic action ; 
f«>r then' the fon e is »*<juat«»rial. wheroas hen* it is axial. So 
they apjHNir to present to n> a new foree, or a m‘w foim of 
force, in the inr»Ie<*ale> nf matter, whieh. ha ('oii\enieiU'o >alve. 
I will conventionally designate hy a new word, as the /////7/e - 
cryH/o/ZiV fon e.'* Liter in the .'^ame year, however, lie reeogni/edsi 
that the. phaenomena tii.scoveriMl hy thicker and those of which 
I have given an account have one <M>unaon origin and <‘aiisi‘." 

The idea of the. *' coiiductioir’ of lines of magnetic fon t* hy 
diflereiit suhsUnoes, hy which Farailay had so successfully 
explained the phenomena of diaiuagneti.sm, Ik; now apjilied to 
the study of the magnetic behaviour <if crystals. “ If/’ lu? WTote,ij 
“ the idea of conduction la? applied b> tlu?.se luagnecrystallic 
IxKlies, it would seem to satisfy all that requires explanation in 
their special results. A magneciystallic suhstance would then 
be one which in tlie crystallized sUite could 'conduct onwards, or 

♦ Ann. 4. Pbys. Ixxii (IS47), p. 315; Taylor’s Hcienilfic MemoirSf v, p. 353. 

t Phil. Trans., 1849, p. I ; Exp, § 2454. 

: Exp. lUt., i 2469. § Ui4i., f 2605. || 


ma., } 2837. 
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)K*niiit IIm! oxirliun *)f th« magnetic forf;e wit!i more facility in 
one (lirectinii than annth<!r ; and that direction would ho the 
mii).'necryHtallic axis. Hence, when in tin; magnetic field, the 
ina;.'neeryHtallic axi.s would 1m* iirgefl into a j<o.sitiou coincident 
witli the magnetic axis, hy a force eorre.s|Kmdent Uj that 
diHenuMXj, juHt as if two dillemit bodies were taken, when the 
one with tho givater <*ondneting jsiwcr tli.sjilaces that which is 
weaker." 

This hyiwthesis Ie<l» Fanulay to predict the existence ot 
another type of magnocrystallic effect, as yet unobserved. “ If 
such a view were (•orrect," he wrote,* “ it would appear to 
follow that a diamagnetic lK)dy like hismuth ought to be less 
diamagnetic when its luitgin-crystallic axis i.s ]>arallel to the 
magnetic axis than when it is [lerpendicnlar to it. In the two 
positions it should Is} ei|uivalent to two suhstanco.s having 
different conducting jMjwers for magnetism, and theicfore if 
sui>mitt4‘d to the differential balance ougljt to present 
differential pliaetmmena." This exiH'ctatioii wjw? realized when 
the matter was 8uhji*cted to the test of exj«,»rimeut.t 

The 8erie.s of Faraday's “ Kxjterimental Itese-irehes in 
Elcf'trieilv ’’ end in tlu* year !■'<.*>,'). The closing jiernsl of his 
life Wius tinietly .sfiLMit at Hampton t’tiurt, in a house placed at 
his disposal hy the kinilne.ss of the (i>neen ; and hea* tin August 
2r»th, 1807, he jM»s.sed away. 

Ajuong exj'ieriniental philosophers Faraday holds by uni- 
versal consent the foremost place. The memoirs in which his 
discoveries are enshrinetl will never cease to U' ivad with 
iuhniration and tlelight; and future generations will preserve 
with an affection nut less enthiring the iMTsonal iwoals and 
familiar letters, which recall the memory of his humble and 
unselfish spirit. 

Sti., § 2S39. 


tiiirf., §2841. 
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rHAITKR VII. 

THE MATHKMAtlr.VI. KI,K<‘Tlll«'IAN.'< oK TIIK ' nK THK 

MNKTKKNTH CESTI UV. 

While Fanuliiv wa.s cnj'agt^l in tlisrowrinir tin* law.' iinhiriMl 
curroiits ill his i»wn way, hy mm* of tlu* I'niicopiinn of linrs f»f 
forrt\ his cuiiioniporary Frau/ Ntunilaun was attarkiii;,r th»* 
•same prnhluiu fn*m a iliHurunt puiiii nf view. Ni'umanu 
proferivii to lak<‘ Aunii‘rt* as his inodul : aiul in lS4o juihli.-^lind 
a memoir* in whirh thn laws iinluetinn of rurn*uls were 
dettuced hy the helji of AiniMTe^s analysis. 

Aiiion^ the assuiuptions on which Xeuniann haned Ids work 
was a rule wliieh had l>een formulated, not lon^ aftiu’ Faraduy s 
orif^nai disc^overy, by Emil Umz,t and whicli may l>e enunciated 
aa follows : when a eomluetiiig circuit is inovtsl in a magnelie 
fieldt the iiiduwHl current flows in such a direction that the 
jwideroiiiotive forta^ on it tend to opjxwe the motion. 

I..et demote an element of the drcuiit which is in motion, 
ami let Cds denote the eomjKUient, taken in tin* ilircction «)f 
motion, of the [jwindtuomotive force e.\erted l>y the inducing 
cun*ent on when the latter is cxirrying unit ciin*enl ; so that 
the value of C w known from AinjifTe's theory. Then lafiiz s 
rule re<|uires that the prcxluct of C into the Htrength of the 
induced current should Is* negativ**. Nt*uiiiaiin jissuiiumI that 
this is because it con.sists of a negative coeflicient multiplying 
the s^{uare of C'; that is, he assumetl the induced <dectni- 
motive force to pro}K)rlioiiaI to (J, He furthfu* assumed it to 
l>e proportional to the vclocdly v of the niothui; and thus 
obtained for the electromotive force induced in th the expression 

- trCV/.v, 

where € denotes a consent cfH*tlicient. Bj' aid of this formula, 

* Berlin Abhandlungen, 1845, p. 1 ; 1848, p. 1 ; reprinted an No. 10 nnd 
No. 30 of Ostwald *0 KlaM$iker\ trannlAtod Journal de Math, xiii (1848), p. 113. 

t Ann. d. Pbjrs. xxxi ( 1 834), p. 483. 
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ill tlifi tmriier* yurt* of thcs momoir, he calculated the induced 
c.urpMitH in vuriouK jiarticiilar 

Ihit having arrived at the formulae in thi« way, Xeuniann 
notioeilf a jie<‘uliarity in them which HuggCHted a totally 
dihi r(*nt method af treating the suhjK:t. In fact, on examining 
the expression for the c urrent induced in a circuit w’hich is in 
inotMUi ill the hedd due to a imignet, it aj>|x^ared that this 
indiM-ed <*unent depends only *111 tin* alteration caused by the 
motion in the* value of ?t certain function; ami, moreover, that 
this function is no other than the? potential of the poiideromotive 
fom*s wlii<*li, according to Amper*‘'s thc*orv, act between the 
c-ircuil, supposcsl travers<*d by unit current, and the magnet. 

A(a:ordingly, Neumann now proposcnl to recemstruct his 
theoiy by taking this potential function as the foundation. 

The nature of Neumanns jxitential, and its connexion 
with Faraday’s theory, wdll l>e understood from the following 
consiilerations ; — 

The potential energ)' of a magnetic molecule X in a field 
of imignetic intensity B is (B.M) ; and therefore the potential 
eneigy of a current t flowing in a circuit « in tin's field is 

t [[(B.dS), 

s' 

wliere N demites a tliaphragm iMUimled by the ciifuit ; as is 
seen at fuice on replacing the circuit hy its equivalent magnetic 
shell N. If tlie field B W proiluce<l by a current T flowing in a 
circuit /, we liave, by the formula <»f Biot and Savart, 

B = H' 

*=• I I curl — 

V ^ 

* It may bo rein.'irked Uiat Neuniantt, in making use of ()hm*s law, 

was (like everyone else at this time) unaware of the ideniity uf electroscopio 
force with eleutroetatic potential. t ^ 9. 
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llejiee* the mutual |M»tential eimi'gy <if the two eurn ilvs* is 



which hy Stokes's transit^niKitioit may he writtt'ii in he i'muh 

I* { ids.ds') 
n \ \ • 

This exjuvssioii re{»rcseuts the aiumtnt ot* meehanieal work 
which must U* i>erfoniaHl i^rainst the ehvtio-tlynrtinie jKnnlero- 
motive fom's, iti «:»riler to se|>iu*ate the two eireuits to an inlinite 
diitanco apart, when the eurrent-atrengtlm are iiminlainetl 
unaltered t. 

The above )M»teutiai (uiietimi lias Ihxmi ohtainetl hy run- 
aideriiig the poiideromotive forces; but it cati now Iki conm*ctecl 
with Faraday's t!u.H»ry of induction of eunents. Kur hy 
interpreting the i?xpresisi»»n 

||(B.d8> 


in terms of lines c»f force, we mh* that the potential function 
represents the product of i into the iiunil>f-»r of unit-linens of 
; magnetic force, due to s', wiiich jmss ihrc*ngh tin* gaj* formed hy 
the circuit s; and since )>y Faraday's law the curn*nts induetMl 
in s dept^nd entirely c»n the vuriathni in the numlH^r of these 
lilies, it is evirleni that the* potential funeli<»n supplies all that 
is needed fc»r the analytical tieatinent of tin* induced currents. 
Tliis was Neumann's discovery. 

The electromotive force induced in a ciicuit a by the motion 
of other circuits carrying currents i\ is thus proportional to 
the time-rate of variation of the pK»tcutial 




80 that if we denote by a tfie vector 
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of cour8C, in a function of the position of the element da 
from which r is rneaKured, then the electromotive force induced 
in any circuit-clement ds hy any alteration in the currents 
wliicli give riKO Ui a is 

(a . ds). 

The induction of currcuits is therefore governed by the vector a; 
this, which is generally known fis the vector-poteyUial, has from 
NcMimann’s time rmwards played a great part in electrical theory. 
It may be readily interpreted in terms (jf Faraday’s conceptions ; 
for (a.ds) represents the total numlier of unit lines of magnetic 
force which have passed across the line-element ds prior to the 
instant L The vector-potential may in fact be regarded as the 
analytical measure of Faraday’s eUctrotonic stated 

While Neumann was endeavouring to comprehend the laws 
of induced currents in an extended form of Ampere's theory, 
another investigator was attempting a still more ambitious 
project: no less than that of uniting electrodynamics into a 
coherent whole with electrostatics. 

Wilhelm Weber {b, 1804, d. 1890) was in the earlier part of 
his scientific career a friend and colleague of Gauss at Gottingen, 
In 1837, howciyer, he became involved in jK)litical trouble. The 
union of Hanover with the llritish Empire, which had subsisted 
since the accession of the Hanoverian dynasty to the British 
thn>nc, was in tliat year dissolved by the oj>eration of the Salic 
law ; tlie Princess Victoria succeeded to tlie crown of England, 
and her uncle Ernest- Augustus to that of Hanover. Tlie new 
king, who was a pronounced mictionary, I'evoketl the free 
constitution wdiich the Hanoverians had for some time enjoyed ; 
and Weber, who t<jok a i}rominent pari in opjM^sing this action, 
was deprived of his prufessoi’sliip. From 1843 to 1849, when 
his principal theoretical researches in electricity were made, 
he occupied a chair in the University of Leipzig. 

The theory of Wjber was in its t)rigin closely connected 
with tha work of another Leipzig professor, Fechner, who in 
1845t introduced certain assumptions regarding the nature of 
• Cf. pp. 212, 272. t Ami, d. Phy*. Ixiv (1846), p. 337. 
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electric currente. Fechner supposetl every current to conmst in 
a streaming of electric chai-gea, tlie vitreous charges travelling 
in one ilirection, ami the resinous charges, equal t^) tluun in 
magnitude and nunil^er, travelling in the opposite diiwtion with 
equal velocity. He further supj)os(»d that like charges aitmot 
each other when they are moving piirallel to the* same direction, 
while unlike cliarges attnu t when they are moving in opjM>site 
directions. On these assumptimis he succeeded in bringing 
Faniday’s induction etVects into connexion with AiniH^re's laws 
of electrodynamics. 

In 184G Weber* adopting the same assumi>tions as Fechner, 
analysed the plnuioinena in the following way: — 

The formula of Ampere tor tlu* pnmleronuitive fon*e hetwetui 
two elements ds, d/ of currents i, i\ may 1 h* written 


/’ - 




/2 //’r 


1 dr dr \ 
/’’ ds (is/ 


Suppose now that A units of vitreous i‘h*(aricity arc c:ontaiued 
in xuiit length of the %vire a. and are m«>ving with veloftity u ; 
and that an equal <juaiitily of resinous ehKJtricity is moving 
with velocity u in the oppfKsile direct ion ; .so that 

i « 

Let A^ denote the corresjionding quantities for the other 
current; and let the suffix , 1 m; taken to refer to the action 
between the po.sitive charges in the two wires, the sullix 3 to 
the action between the po.sitive charge in » and the negative 
charge in s\ the suflix » to the action between the negative 
charge in and the positive charge in h\ and the suffix 4 to the 
action between the negative charges in the two wijt^s. Then 
we have 



* SlekirodjfPtamitehc Maatth^lmtnuHi/en, ]<eipzig Abbandl., 1S46 : Ann. d. 
Fhjs. buciii (1S48), p. 193: Englinb tranilation in Tnylor'ii Ji 0 mitir», 

•r n Akit. 



Middie of the Nituteenth Century. 


HiT ' 


niul 




.rfV 

f/«’ 


.dPr 

dyi- 




By aid of the.so and the hiinilar (^jtiatioiis with the suffixes tt o 
th(3 e([iiation /or the ponderoiiiotivii fore*! may lie transfornied 
into the equation 



But this is the ecjuatioii which we should have obtained 
had we set out from the followin'^ assumptions : that the 
p<»nderomr>tive force between twr> current-elements is the 
resultant of the force between the pc^r.itive charge in tU and the 
positive charge in (h\ of tlie force between the jiosilive charge 
in ffa and the negative* charge in //>', etc. ; and that any two 
electrified particles of charges «• ami whost* distance apart 
is r, repel each other witli a force of magnitude 

(Pr 

/•^ <{r ~ . i ■ 

Two such charges wouhl, of course, also exert on each other an 
electrostatic repulsion, whose magnitude in these unita would 
be ce'e^r^ where c tlenoies a constant* t>f the dimensions of a 
velocity, whose value is ajq»roxiiualely .1 x 10*“ cm./sec. So 
that on these assumptions the total lepcllent force would be 

ireW rr ^ 

* The units which have been udopUHl in Uie above iiivc«tigativm depend on the 
oloctrodynomic actions of currents ; i.e. they nn« such that two unit i urrents tfowing ^ 
in parallel ciioular circuits at a certain dUtance apart exert unit {ionderomtitivc 
fonitt on each other. The quantity of eltvinuity convvvetl in unit time by such a 
unit current is adopted as the unit charge. Tins unit chaige is not identical with 
the elvotrostatio unit charge, which defined to be such that turo unit chor^ at 
unit distance apart repel each other with unit poiideromotive force. Hence the 
necessity for introducing the fni tor r. 

Q 2 
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ISiis expremon for the foroo between two electric chaiyee 
was by Wober ae the basis of his tixmrf. WeberV in the 
first of the name given to any theory which 

ittribntes the phenomena of electroclynamics to the agency 
of moving electric charges^ the forces on which depend not 
only on the position of the charges (as in elec^rostaticsX but 
also on their velut»ity. 

The latter feature of WeU*r s thtH>ry led its earliest critics 
to deny that his law of force coiilt!* Ik* reeoneiltHl with the 
principle of <‘onst‘r\atioii oi eneiy\. They wen*, 
mtsiakt'ii on this jpoint, as may Ik* mvii from the following 
considerationK. The alK»ve expn‘sM»»n ft»r the force IxHween 
two charges may U* written in tiu* f(»rm 

cl\ d cr\ 

cr d( \ ( ? )' 

where U denotes the e\pn‘s>ion 


tt 


-.•V 


Consider now two material parli< le8 at distance r apart » whoso 
ineehanical kinetic eneigy is 7*, and whose iiM*c’nanical |s>tential 
energy is T, and which <*arry cliaiges r and r\ The equations 
of mothm of tliese particles will Ih^ t*xmitly the saiiu* as tl^e 
e^tuations of motion of a <lynami(uil system for which the 
kinetic eneigy is 

r - ' ' 


and the potential energy is 




r 


To such a system the principle of conservation of energy may bo 
applied : the equation of energy is, in fact, 

1 f/j'c* 

T *f F- — €cV + « constant. 

Zt t 
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The first ol]ijeotioii made to Weber's theory is thus dispo^d 
of ; but Mother and more serious one now presents itaetl. Ibi 
occurrence of the negative sign with the term -- edi^f^ impli^ 
that a charge behaves somewhat as if its mass were negative, sc 
that in certain circumstances its velocity might increase indefi- 
nitely under the action of a force opposed to the motion* Thu 
is one of the vulnerable points of Wel>er*8 theory, and has been 
the object of much criticism. In fact,* suppose that one chaiged 
particle of mass /a is frecf to move, and that the other charges 
are spread uniformly over the surface of a hollow spherical 
insulator in which the particle is enclosed. The equation ol 
coiiserWtion of energy is 

4- F = constant, 

wiiero p denotes the charge of the particle, v its velocity, V its 
potential energy with respect to the mechanic al forces which act 
on it, and p denotes the quantity 

J[^ cos*(r . r)#/X, 

where the integration is taken over the sphere, and where tr 
denotes the surhuje-density ; p is indei>eiKlent of the position of 
the |)article fi within the sphere. If now the electric charge on 
the sphere is so great that tp is greater than /i, then r® and V 
must incretiso and diminisli together, whiclx is evidently absurd. 

Leaving this objection unanswered, we proceed to show' how 
Weber's law of force iKitween electrons leads to the formulae 
for the induction of currents. 

The mutual energy of two moving charges is 



or 


yV r. ^ Kr.v ') -(r.v)r 

r ! 2c*r* 


]■ 


where v and v' denote the velocities of the chaiges ; so that the 

* This example was giTen by Ilelmholu, Journal fiir Math. Ixxr (1873), p. 36 ; 
Phil. Mag. xliv (1872), p. 630. 
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mutual euerg5’ of two curreut-elouiputa cnntainiti);; clmrgfK «•. » ' 
reapectively of eaclj kind of olectricity, is 

If rf», dd denote the lengths of the elements, and t, *' the currenta 
in them, we have 

ida-2/T, ^'d»'»2^V; 

eo the mutual energy of two ruiTeiit>elenients is 

t 

“ (r.d«').(r.d»). 

The mutual onergv' of ids with all the oilier (‘urnmta is thcix'fore 

I (ds . a), 

where ardencies a vtH*tor-pnt 4 ‘iuial 

{ tr.dBi.r 

I.' ,■ ■ 

• « 

liy reasonin;; Himihir t«» Neiiiiianii s. ir may he shown that the 
electromotive force imltieed in ds hy any alteration in the rest 
of the field is 

~ (ds.at; 

and thus a eoinplele theory of irnlneed eurnmts may Vie 
constructed. 

The necessity for indnceil curn»nts may he inferred hy 
general reaKfuiing fr^ini tlie first ])vine,iple 8 of Weber’s theory. 
When a circuit .9 moves in the field due to currents, the velocity 
of the vitreous chaises in s is, owin^ t<i the motion of not 
ef^nal and op])osite to that of the rf*Hinons charges ; this gives 
rise to a difference in the forces acting on *the vitreous and 
resinous charges in s ; and hence the charges of opposite sign 
separate from each other and move in opposite directions. 

The assumption that positive and negative charges move 
with equal and opposite velocities relative to the matter of 



Middle of the Nineteenth Century. 


231 

•i 

tho frondiictor is one to whicli, for various reasons which will 
apjii-iir later, objcjction may he taken ; hut it is an integral part 
of Weber’s theory, and cannot be excised from it. In fact, 
if this condition W(3re not satisfied, ami if tlie law of force were 
Weber’s, electric currents would exert forces on electrostatic 
charges at rest*; as may be seen by the following example. 
Let a current flow in a closed circuit formed by arcs of two 
concentric circles and the portions of the radii connecting their 
extremities; then, if Weber’s law were true, and if only one 
kind of electricity were in motion, the current would evidently 
. exert an electrostatic force on a charge placed at the centre of 
the circles. It has heen shown, t indeed, that the assumption 
of opposite electricities moving with equal and opposite veloci- 
ties in a circuit is almost inevitable in any theory of the type 
of Weber’s, so long as the mutual jictiriii of two charges is 
iisHumed to depend only on their relative (as opposed to their 
absolute) motion. 

The law of WcIku' is not the only one of its kind; an alterna- 
tive to it Wiis suggested by Bernhard Riemann(ft. 1826, d. 1866), 
in a course of lectures which wen* deliveivd* at Gottingen 
in 1861, and which were published after his death by 
K. Haltendorll' liieiiiann projMised as the electrokinetic 
energy of two idccirons r{.i\ tf, z) and z*) the expression 

- i + (// - //')' + - =')•) j 

this differs from the corresponding expressicur given by Weber 
only in that the relative veliKaty of the two electrons is 
substituted in place of the component of this velocity along 
the radius vector. Kventually. as will In? seen later, the laws 

* This remark was llrst inadn by riaiidiiis, Journal fiir Math. Ixxxii (1877), 
p. 86: the simple proof {^iven above is due to Giassniann, Journal fiir Math. 
Ixxxiii (1877), p. 87. 

t H. Lorberg, Joiirna'. fiir Math. Ixxxiv (1878), p. HOo. 

( Schwtre^ ISUktrieitiit und nach den Vorlesiingcn von B. Kiemaan : 

Hannover, 1878, p. 326. Another alteniative to Weber's law had been discovered 
by Oauas so far back as 1835, but was not published until after his death : cf* 
Gauss* Wtrk 0 ^ v, p. 616. 
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of Kiemann aud Wolwr wert* ImHU al>aiiilorM‘d in «if a 

third alternative. 

At the time, hi>wev«>r, Weln^r’a diwrovery \va.s I'clt to Im* a 
great advanee; uiui imlecd it liad, tlic gi.-uttvi nhaif 

in awaketiino iuiitheniatunl pltysicisu to a aeii.se of the i><)a.si- 
bilitios latent in the theory of eIe<-tHeity. llev>inl this, iia 
mhuence \va.s felt in genenil dynaiuic.s; for Weh-r’.s ehrtro- 
kuietic energy, whieh re.seml<leil kinetic eneigy in some rehjK,H 5 t« 
and puteutiai energy in others, could r.ot Ih> precisely clussilieil 
under either head ; mul its iutruduction, by helping to break 
down the distinction which had hitherto sultsistefl between the 
two parts of the kinetic potential, prepared the way for the 
modern transfonuatiou-theory of dynamics.* 

Another subject whose development was stimulated by the 
work of Weber was tlte theory of gravitation. That gravihition 
is propagated by the action of a uuHiinm, and consequently is a 
process rcHjuiring time for its accomplishment, had been an article 
of fiuth with many g»;neratiui)s of physiewt-s. IndiHid, the 
dependence of the force on the distance iH^tween the attracting 
bodies seemed t4> «ugg»'st this idea ; for a projiagation which is 
truly instantaneous wouhl, perhap.**, is- more naturally coneeivisl 
to be effected by .some kind of rigid connexion between the 
bodies, wliicli would Is* more likely to give a force independent 
of the mutual di.stance. 

It is obvious that, if the simple law of Newton is alwndoned, 
there is a wide fieM of rival hypotlu'mw from which to choose 
its successor. The first notable attempt to discuss the riucstion 
was made by Laplace.f l^^place supposed gravity to bo pro- 
duced by the impulsion on the attracted body o/ a “ gravitio 
fluid," which flows with a definite velocity toward the centre 
of attraction — say, the sun. If the attracted body or planet 
is in motion, the velocity of the fluid relative to it will be 
compounded of the absolute Velocity of «the fluid and the 
reversed velocity of the planet, and the force of gravity will 

* Of. Whittaker, Analytical Hynamia, chapters it, iti, %u 
t MUanique c/UiU, LWre z, chap, vii, i 22. 
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act in the direction thim determined, its magnitude being 
unaltered by the planet’s motion. This amounts to 8upi>o8ing 
that gravity is subject to an aberrational effect similar to that 
ob»» rved in the case of light. It is easily seen that the modi- 
ticuiion thus introduced 'inU> Newtons law may be represented 
by ail additional perturbing force, directed along the tangent 
to the orbit in the opposite sense to the motion, and pro- 
portional to the planet’s velocity and to the inverse square of 
the distance from the sun. I>y considering tlie influence of 
this force on the secular equation of the moon’s motion, Laplace 
found that the velocity of the gravifle fluid must be at least a 
hundred million times greater than that of light. 

The assumptions made by I..aplace are evidently in the 
highest degree questionable; but the generation* immediately 
succeeding, overawed by his fame, seems to have found no way 
of improving on them. Under the influence of Weber’s ideas, 
however, astronomers began to think of modifjdng Newton’s 
law by adding a term involving the velocjities of the Ixslies. 
Tisserand* in 1872 discussed the motion of the planets round 
the sun on the supposition that the law of gravitation is the 
same as Weber’s law of eU'ctrodynamie action, so that the 
force is 

'r‘ \ ^ Jr Jf\' 

where / denotes tlie constant of gravitation, m the mass of 
the planet, /ii the mass of the sun, r the distance of the planet 
from the sun, and h the velocity of propagation of gravitation. 
The equations of motion may K* rigorously integrated by 
the aid of elliptic fuuctionsf; but tbe simplest procetiure is 
to write 



* Compte» Kendufi, Ixxv (1872), p. 760. Of. also Comptea Rendus, cz (1890), 
p. 313, and HolKiniillcr, Zeitachrift ftir Math. u. Phya., 1870, p. 69. 

t Thia had been done in an inaugural diaaertntion by Seegen, Gottingen, 1864. 
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anil, regarding Fx u» a iHMlurbing funrtion, to find iho varialitai 
of the constant i»f olUplii* iiu^tum. Tisaeraml sho\vod lluit tli*5 
perturbations of all UuMdonuuits aro zoro or piuiooic. and 
insensible, except that of the baigitude of jHu ibelioM, wbioli ]nu» 
a seciular i^irt. If h U' assumed e(|ual to the vebn ity of light, 
the etVeit wmibl U' to rotate tb»* major axis of 'be otliit of 
Mercury in the divt‘et sense 14'' in a t entury. 

Now, as it bapjauunl, a dise»»rilanee In'tween tln'ory and 
oliservation was kinovn to exist in ivgard to lie* iimlion of 
Mertniry s jH^rihelion ; f*>r la* Wrrier had bmnd that the attrac- 
tion of the planets miglit lie to turn the jK'rihelioii 

627^ in the direct sense in a century, wliereas the motion 
actually observed was gnmter than thin by It is evitlent, 

however, that only | fif the exei^ss is explained by Tisserand’s 
adoption of Wtdnera law; and it scciiuhI tberefom that this 
auggeation wotild prove as unpn>titable as Ijq Verriers own 
bypotlu^sis i»f an iiitm-ineitnirial planet. Ibit it was found 
later^ that } of the excess could l>e explained by .substituting 
Bienianti^s ele<?trfMlynami(t law for WcIkt’s, and tliat a com- 
bination 4>f the laws of Kiemann and WeUn* would give exaeUy 
the amount desinnlf 

After the publication of his memoir on the law of fonuj 
between elwirons, WeU;r turned his attention to the fiuestion 
of <lia.magnelism, ami develojsMl Faraday s idea ri^garding the 
explanation of diamagm*iic phenomena by the effects of chrctric 
curnmta induccfl in the diamagnetic IsKlies.^ WtdM*r rmnarked 
that if, willi Ampere, wt asHinne the? <*xistemM% of molixnilar 
circuits in which there is no idimic resistance, h<» that currents 
can flow without dissipation <»f energy, it is quite natural to 
suppose that currents would Ik* induced iti these molecular 

• By Maurice I^*vy, CompW Kwulu#, t-x (1890), p. 

t file cofiftequescefi of adopting the elfcmHlynamic; law of Clausius (fi>r which 
soo later) were diM usaed by OpiKinheim, Zur Fruge ruSrh der 
getehwindiffkiit «f«r Oraritalion^ ViiPHf I89A. « 

{ Leipxig Beriehte, i (1847), p. 346; Ann. d. l*hys. Ixxiii (1848), p. 241; 
tnmaUted Taylor’s He%eni\fie Mtmoin^ v, p. 477 ; Abhandl. der K. Sachs. Gee. i 
{1882), p. 483; Ann. d. I’hys. Ixxxyu (1862), p. 145; trons. Tyndall and 
Frsacis* ATsMeirir, p. 103. 
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cin iiitB if Uioy vyere witnat^d in a vai*yinjr magnetic field ; and 
hi‘ j>r)inte(l (Mit that suf;li irnluccd molecular currents would 
eoiihM* ufKUi tlie Kubstanee the )iropertieK charac^teristic of 
diiiinagnetism. 

Tin? diflieulty with this liy|ir)thesiR is to avoid explaining too 
iini' li : for. if it Ik* a(K'(‘pted, the inferenee Heems to Ije that all 
bodies, without exception, should lie diamagnetic. Welier escaped 
fmin this (jnnclusinn by supposing that in iron and other 
m/ignetir* substances th(»f(? exist jM^niianent Tiiolecular currents, 
which do not owe tlieir origin to induction, and which, under 
tlie influence of the impre8.s(*d magnetic force, set themselves in 
definite orientations. Since a magnetic field tends to give such 
a direction to a pre-existing current that its course becomes 
op{K)aed to that of the current which would be induced by the 
increase of the magnetic force, it follows that a substance stored 
with such pi^-existing currents would display the phenomena 
of iKiramagnetism. The iKnlies ordinarily called imramagnetic 
are, according to this hyiM»thesis. tliose bodies in which the ' 
paramagnetism is strong c?nough to mask tlu* diamagnetism. 

Tlie radicid distinction wliich WcIht ])c»stulated between the 
natures of i)aramagneti8m and diamagnetism accords with many 
facts whicli have been discovered subset] uently. Thus in 1895 
P. Curie showeil* that the magnetic susceptibility per gramme- 
molecule is connected with tlie temperature by laws which are 
diflerent for paramaguetic aiul diamagnetic Inxlies. For the 
f(»niier it varic.s in inverse proportion to the absolute tempe- 
rature, whereas for diamagnetic bodies it is indetH*ndent of the 
temjwrature. 

The conclusions which hdlowed from the work of Faraday 
and Weber were advei’se to tlu* hyiM>ihesis of magnetic fluids ; 
for according to that hypothesis the induceil polarity wmild be 
in the same diiection whether due to a change of orientation of 
pre-existing moleciflar nuignets, or to a fresh sepamtion of 
magnetic fluids in the molt*cules, ** Through the discovery of 


• Annaleti de Chimie (7) ▼ (IB4S), p. 289, 
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aiamagiietism;’ wrote WeW in 1852, «tho hj pothcsis of 
electric molecular currente in the interior of hodm ih cor* 
roborated, and the hypothesis of magnetic fluids in the interior 
; d bodies is refutetl.*' The latter hypothesis is, moreover, unable 
to dbcount for the phonomeim shown by botlies wliich are 
strongly magnetic, like iron : for it is found that when the ^ 
magnetizing force is gradually increased to a very largo value, 
the magnetization induced in such bodies does not increase in 
proportion, but tends to a Siituration value This eflect cannot 
be explained on the assumptions of i'oisson.butia easilydfnlucible 
from those of Weiner ; for, according to Weber’s theory, the 
magnetizing foice merely orients existing magnets ; and when it 
has attained such a value that all of them are oriented in the 
same dirtction, then* is nothing further to he tlone. 

WelMjrs theory in its «)riginal form is, however, ojkui to 
some objection. If the elementary magiu»ts an? supposed to 
free to orient themselvivs without ♦*ne<nmt<u*ing any resistance, 

Ht is evident that a very small magnetizing force would sidlice 
to turn them all parallel to each idlier, and llms would produco 
immediately thegrf»aiest }»os.sihle intensityof inducotl magiietiHiii. 

To overcome this ditliculty, UVUt assumed that every ilisplace- 
meiit of a inoltcular circuit is n^sistcd hy a couple, which tends 
to restore the circuit to its original orienUtioiL This ossump- 
• tion fails, however, to account for ti»c fact tliat iron which 
has l>ceii placed in a strong inagiietici field does not return 
to its original condition when it is reirmved from the field, 
but retains a certain amount of residual magnetization. 

Another alteraative was to assume a frictional resistance 
to the rotation c^f the magnetic nioh?cules ; but if such a 
resistance existed, it could be overcome only by a finite 
. magnetizing force ; and this inference is inconsistent with the 
observation that some degree of magnetization is induced by 
every force, however feeble. % 

The hypothesis which has ultimately gained acceptance is 
that the orientation is resisted by couples which arise from the 

* Ann. d. Phfs. lxnTii(1852), p. 146 ; TyndftUsnd Fnncii' Sci, Ifm., p. 163. 
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mutual action' of the molecular magnets themselves. In the* 
un magnetised condition the molecules ''arrange themselves so 
as to satisfy their mutual attraction by the shortest path, and : 
thus form a complete closed circuit of attraction/' as D. K f 
Hughes wrote* in 1883 ; when an external magnetizii^ 
is applied, these small circuits are broken up ; and at any staged 
of the process a molecular magnet is in equilibrium under the 
joint influence of the extenial force and the forces due to the 
other molecules. • 

This hypothesis was suggested by Maxwell, t and has been 
since developed by J. A. Ewing its consequences may be 
illustrated by the following simple example^ : — 

Consider two magnetic molecules, eacli of magnetic moment 
m, whose centres are lixed at a distance c apart. When 
undisturbed, they dispose themselves in the jKjsition of stable 
equilibrium, in which they j>oint in the same tlirection along 
the line r. Now let an increasing magnetic force i/be made 
to act on them in a direction at right angles to the line e. 
The nuignets turn towards the direction of If ; and when 
II attains the value 3//i/c^, they liecome 2 >orpendicuIar to the 
line r, after wdiich they remain in this position, when H is 
increased further. Thus they display the phenomena of induc- 
tion initially proportional to the magnetizing force, and of 
saturation. If the magnetizing force H be supposed to act 
parallel to the line i\ in the direction in which the axes 
originally pointed, the magnets will remain at rest. But if H 
acts in the opposite direction, the equilibrium will be stable 
only so long as II is less than when H increases 

beyond this limit, the equilibrium Injcomes unstable, and the 
magnets turn over so as to point in the direction of H ; when 
U is gradually decreased to zero, they remain in their new posi- 
tions, thus illustrating the phenomenon of residual magnetism. 

* Proc. Roy. Soo. (1883), p. 178. 

t Trtatiae <m £Uti, ^ } 443. 

}Phil. Mttg. XXX (1890), p. 205; Ma^dc iHtinctioH in Iron atid other MeUdt^ 
1891. 

$ £. G. Gallop, Messenger Math, xxvii (1897), p. 0. 
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kBjt taking a latge number of such pairs of maguetio nioleoulest 
nrtginaUy oriented in all directions, and at buch distaiiceH that 
the pairs do not sensibly intluence each otheti we *may 
construct a model whose behaviour under the influence of^ 
^an external magnetic field will closely ramble the actual 
behaviour of ferromagnetic bodies. 

In order that the magnets in the moilel may come to rest 
in their new {>ositions after revet'sal. it will be necessary to 
suppose that they exj.>erience some kind of dissi{)ative foiw 
wliieh damps the i>scilhitiutis ; to this would eorres|Kmd in 
actual magnetic suhstances the electric currents which would 
be set up in the neigh l>ou ring iiuiss when llie molecular 
magnets are suddenly revei-sed ; in tdtlier case, the sudden 
reversals are atleinled hy a tnuisforiualion of magnetic ciieigy 
into heat. 

The iruusforuiiiiiou of energy from one form to another is a 
subject which was tirst treated in a general fashion shortly 
before the middle of the nineteenth cenlnry. It had long been 
known that the energy <if motion ami the energy of position 
of a dynamical .system are convertilde into each otluu’, and 
that the amount of their sum remains invariahle when the 
system is self-contained. Tliis principle of conservation of 
. dynamical energy had l>eeii extended to optics by Fresnel, who 
had assumed* that tht^ energy brought to an interface by 
incident light is equal to the cuiergy carried away from the 
interface by the retlected and refracted 1 beams. A similar 
conception was involvc*d in liogel's ami Farmlay’s defencet of 
the chemical theory of the voltaic cell ; they argued that the 
work done by tlie current in the outer circuit must be provided 
at the expense of the cheniictal energy stoi^ed in the cell, and 
showed that tlie quantity of electricity .sent round the circuit 
is proportional to the quantity of chemicals consumed, while 
its tension is proportir)naI to the strength of the chemical 
affinities concerned in the reaction. This theory was extended 

f Cf. p, 203. 


Cf. p. 133. 
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and completed bjr James Pi'escott Joule, of Manchester, in 1841 . 
Joule, who belie vbd* that heat is producible from mechanical 
work and convertible into it, measuredf the amount of heat 
evolved in unit time in a metallic wire, through which a 
cttrrent of known strength was passed ; he found the amount 
to lie proportional to the resistance of the wire multiplied by 
the square of the current-strength ; or (as follows from Olun’s 
law) to the cuirent-strengtli multiplied by the diHerence of 
electric tensions at the (ftctreinities of the wire. 

The quantity of energy yielded up as heat in the outer 
circuit Ijoing thus known, it became possible to consider the 
transference of energy in the circuit as a whole. “ Wlien/' 
wrote Joule, “any voltaic arrangement, whether simple or 
compound, passes a current of electricity through any substance, 
whether an electrolyte or not, the total voltaic heat which is 
generated in any time is proportional to the number of atoms 
wdiicli are electrolyzed in each cell of the circuit, multiplied 
by the virtual intensity of the battery: if a decomi>osing cell 
be in the circuit, the virtual intensity of the battery is reduced 
in proportion to its resistance to electrolyzation.** In the same 
year hej enhanced the significance of this by showing that the 
quantities of heat which are evolved by the eombiistiun of the 
equivalents of bodies are proj»ortional to the intensities of their 
atVinities ft»r oxygen, as measuml by the elect romoiive force 
of a battery required to deeonqMjse the oxide electrolytically. 

The theory of Koget and Famday, thus perfected by Joule, 
enables us to trace q\ianlitatively the iransforinatiuns of eneig}" 
in the voltaic cell and circuit. The primary source of eneigy 
is the chemical reaction : in a Danioll cell, Zn.Zu SO* Cu SO* Cu, 
for instance, it is tlic substitution of zinc for copper as the 
imrUier of the sulpliion. The strength of the chemical aftinities 
concerned is in this case measured by the ditrerenee of the heats 
of formation of zi«c sulphate and copper sulphate ; and it is 

♦Cf. p. 33. 

t Phil. Mag. xix (1841), p, 260 ; Joule's Scieuhjic Pajnn'i i, p. 60. 

I Phil. Mag. XX (1841), p. 98 : cf. also Phil. M;ig. xxii (1843), p. 204. 
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this which determines i;h6 electromotive force of the celL^ 
The amount of energy which is changed from the ohen^ical to 
the electrical form in a given interval of time is measured by 
the product of the strtuigth of the chemical affinity into the 
quantity of chemicals decomposed in that time, or (what is the 
same thing) by tlie pn»duct of the electromotive force of the 
cell into the quantity of elect i icily which is circulated. This 
energy may be eitlicr as heal in conformity to 

Joule's law, or otheiwise utilized in 4 lit* outer circuit. 

The iniiKirtaio'e of thest‘ prifM'ipIcs wan emphasized by 
Hermann vuu llelinh<»ll/ (/>. 1S21, </. 1894), in a memoir which 
was published in 1S47, and wliicli will W !ai>re fully noticc<l 
presently, and by W, TlK»mst»!i (Lord Kelvin) in ISfilf; the 
equations have MibseqiuMitly n^'eived only one important 
modification, which is due to Helmholt/.J Helmholtz iH>inted 
out that the electrical eneriry furnished by a voltaic cell n(*ed 
not be derived ex<lusi\(dy fr<»m the i‘ii(‘igy of the chemical 
reactions : for the cell may also operate by abstracting heat<« 
energy from n<*igldM»uiing biwlies, ami converting this into 
electrical energy. Tht‘ extent to which this takes phice is 
deteniiiiicd by a law whieli was discovered in 187)5 by Thomson.^ 
Thomson showed that if A’ tlcnoics tin* “a\ailahle energ}^" i.e., 
possible output of iiiecliauical work, of a system maintained 
at the absolute temiK'iature then a fraclif>u 

TdE 

EdT 


of this work is obtained, not at the exjieiise of the thermal or 

* The beat of formation of a grainnio-moliMMilo of ZnSOi is greater than the heat 
of formation of a graraine-nioleculo of CtiSOi by about «^0,000 calories ; and with 
diTaleiii metals, 46,000 calories per gTamme->mole< uIp corresponds to ane.ni.fi of one 
▼oit; so the e.m.f. of a Danicll cell should be 50/46 volts, which is nearly the 
cose. 

t Kelvin’s JfafA, attd FhijM. Papern^ i, pp. 47*2, 190. • 

(Berlin Sitzungsber., 1882, pp. 22, 825: 1888, p. 647. ^ 

i Quart. Joum. Math., April, 1855 ; Kelvin's Math, aiut Phya, Papers, i, 
p. 297, ei^n. (7). 
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cheinioal energy of the system itself, but at the expense of the 
thermal energy of neighbouring bodies. Now in the case of 
the voltaic cell, tlie principle of Boget, Faraday, and Joule is 
, expressed by the equation 

A, 


where £ denotes the available or electrical energy, which is 
measured by the ehictruinotive force of the cell, and where X 
dmiotes the heat of the chemical reaction which supplies this 
energy. In accordance# with Thomsons principle, we must 
replace this equation by 


i: 


X 


+ T 


ilR 

(ir 


wliich is the correct relation between the electromotive force 
of a cell and (uieigy of the chemical reactions which occur 
in it. In general tlie term A is much larger tlian the term 
T (IBidT \ but in certain classes of cells — e.g., eoncentration- 
eells — X is zeio; in which cji.se the whole of the eleetncal 
energy is prmaired al the ex]>en.s(» of the thermal energy of 
the cells’ surroundings. 

Helmholtz\s memoir of 1847, to which reference has already 
been made, bore tlie title, “ On the Conservation of Force.” It 
was originally read to the Physical Society of Berlin*; but 
though the younger physicists of the Society received it with 
enthusiiism, the piejudices of the older generation prevented r 
its iiceeptanee for the Annalen der Pliysik; and it was eventually 
published as a separat(* treat ise.t 

lix this memoir it was asserted^ that the conservation of 


♦On Jul) 23i-d, 18 17. 

t B«ilin, O. A. Reiiner. Engll^h Tran^ktion in Tyndall & Frutuis' SetenitjU 
MeniQinr p. 111. The puhhsber, tu Helmholt/V ‘'great surprise/* gave him an 
honorarium. Of. JffrtntkHti ran licimholU^ by Leo Koeiiigsbeiger ; English 
translation by P. A. Welby. 

* Heliuholts bad Ihhui partly anticipated by W. K. Grove, in his lectures on 
tbo Correlation of Phymoil Forres, which were delivered m 1843 and published in 
1846. Grove, after asseiting that heat is ** purely dynamical '* in its nature, and 
that tho various ** physical foicos** may be transtbrmed into eaih utkor, remarked : 
**Tho great problem which remains to be solved, in regard to the correlation 
of phy8i(»al forces, in tho establishment of tl^eir equivalent of power, or their 
measurable relation to a given standard.’* 

K 
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ia a universal principle of nature: that •the kinetic and 
potential energy of dynamical ayatema may be converted into 
heat according to dehnite quantitative laws, aa taught by 
Bumford, Joule, and Robert Mayor*; and* that any of these* 
forms of energy may be oonverU'il into the chemical, elwtro* 
static, voltaic, ami magnoiic forms. The latb^r llcimholt/. 
exaiuiiuHi systematically. 

Conshler lirst the enoigy of an olt*ctrnstalic fiehi. It will 
he convenient t 4 > MipjH>se that the sy<**tem has Ikhmi foriiMHl by 
eoiitiuually bringing from a \ery great tlistance infmitc.siinal 
quantities of eh»<;tricity, proportional to tlu* quantities alrca^jy 
present at the \arious |Munts of the system ; so that the charge 
is always distrihuted proportionally to the final ilistrihution. 
Let f typify the final chaige at any point of spjice, and r the 
final potential at this point. Then at any stage of the process 
the charge and potential at this point will have the values Xe 
and X V, where A denotes a proper fraetion. At this stage let 
charges eJX lie brought from a great di.stauco and added to the 
charges X^. The work required for this is 

:ieflX.XK 

80 the total work required in order to bring the system from 
infinite dispersuni to its final stsite is 

A(/A, or iSrK. 

By reasoning similar to that used in the case of electrostatuj 
distributions, it may be showrn that the energy of a magnetic 
field, which is due to ]>ermaneiit magnets and whieli also 
contains IxKlies susceptible to magnetic induction, is 

where po denotes the density of Poisson’s equivalent magnetiza- 

* Julius Robi^rt Muyor (^. 1814, </. 1H7H), who was a mnlical man in Hoilbronn, 
asserted the equivalence of heat and M'ork in 1842, Annal. d. Ohemie, xlii, p. 233 ; 
his memoir, like that of llelniholta, was first declined by the editors of the 
Annalen der Physik. An English^ translation of one of Mayer’s memoirs was 
printed in Phil. Mag. xxv (1863), p*. 493. 
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iion, for the pertnanent magnets only, and ^ denotes the magnetie 
potential^ 

Helmholtz, moreover, applied the principle of energy to 
'Systems contaiiiinj^ electric currents. For instance, when a 
magnet is moved iu the vicinity of a current, the energy taken 
from the battery may be equated to tlie sum of that expended 
as Joulian heat, and that communicated to tlie magnet by the 
electromagnetic force : and this e<j nation shows that the current 
is not proportional to tWe eh*ct!omoti\c force of the battery, 
i. e. it reveals the existence of Faiadays magneto-electric 
induction. As, however, Ifelmholt/ was at the time un- 
acquainted with the conception of the elecLiokinetic energx" 
stoied in connexion with a current, his equations were for the 
most part defective. Ihii in the case of the mutual action of 
a current and a peimanent magnet, he o])tayie<l the correct 
result that the time-integial <»f the induee«l electromotive 
force in the circuit is equal to the inciease which takes 
place in the potential of the magnet towanls a current of a 
certain strength in the ciicuit. 

The collect Ihetuy of the enei gy of magnetic ami electro- 
magnetic fields is^ due mainly to W. Thomson Lord Kelvin). 
Thomson’s researches on this subject c<»mmeneed with one or 
two short investigations regaiding the ponderomotive forces 
which act on temporary magnets. In 1S47 he discussedt the 
case of a small iron sphere placed in a magnetic field, showing 
that it is acted on hy a ponderomotive foice i*epre*sented by 
- grad where tienoles a constant, and A* denotes the magnetic 
force of the field ; such a spheiv must evidently tend to move 
towards the places where is greatest. The same analysis 
may be applied to explain why diamagnetic bodies tend to 
move, as in Faraday's experiments, from the stronger to the 
weaker parts of the field. 

* We suppose all transitivins to be continuous, so a« to avoid the ne< essitj for 
wMiting siirface-iiitegirals supaiately. * 

tOamb. and Dub. Math. Journal, ii (1817). p. 230; W. Thomson's Paptr* 
OH Sieetrogtatioi and MagHetum^ p 499 ; of. also Phil. Mag. xxxvii (1850), 

R 2 
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Two years later Thomsoii presented to the jRoyal Society a 
in which the reaults of Poisson'a th^ry of magnetism 
were derived from experimental data, without making use of 
the hypothesis of magnetic fluids; and this was followed in 
1830 by a second memoir, f in which Thomson drew attention 
to the fact previously noticed by Poisson,} that the magnetic 
intensity at a iK>int within a magnetized body depends on the 
shape of the ^nill cavity in which the exploring magnet is 
placed. Thomson distinguisheil twii Vecti>rs;§ one of these, by 
later writers generally <lenoted by B. represents the magnetic 
intensity at a inrint situated in a small crevice in the 
iiiagtioti/ed Ixwly, when the fates of the crevice are at right 
angles to the direction nf magnetizati»»n ; tlie vecti>r B is always 
circuital. The other vector, generally ilenoted by H, represents 
the magnetic it|lensity in a narrow tubular cavity tangential 
to the dirtM*tion of magnetization ; it is an irrotational vector. 
The magnetic potential tends at any point to a limit which is 
independent of the »haj)e of ilje cavity in which tlie point is 
situated : find the space-gradient of this limit is identical with 
H. Thomson culled B tlie “magnetic fon^e according tlie 
electro-magnetic definition/’ ami H tiie “ magnetic force accord- 
ing to the polar detinitbm but the names vinijneik iwlurtitm 
and mtffftuiic tort'*\ propos«*d by Maxwell, have been generally 
used by later writers. 

It may be remarked that the vector to wiiich Faraday 
applied the term “ magnetic force/’ and which he represented 
by lines of force, is not H, but B ; for the number of unit lines 
of force [lassing through any gap must depend only on the gap, 
and not on the jjarticular diaphragm filling up the gap, across 
which tlie flux is estimated ; and this can be the case only if the 
vector .which is represented by the lines of force is a circuital 
vector. 

* Phil. Trans., 18.il, p. 243 ; Thomson's Papers on Elect, und Mag,^ p. 346. 

t Phil. Trans., 1851, p. 260 ; Eupcro on Eloel. and Mag,^ p. 382. 

} Cf. p. 64. 

4 JLoc. cit., } 78 of the original paper, and } 517 of the laprint. 
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ITiomson introduced a number of new terma into magnetic 
science— as indeed he did into every science in which hie^Wf|}; 
interested. The ratio of the measure of the induced magnetiss^}! 
tion li, in a temporary magnet, to the magnetizing force M, 
he named the smcepiibUUy ; it is positive for paramagnetic and 
negative for diamagnetic bodies, and is connected with Poisson's 
constant hp^ by the relation 

^ 4ir 1 - kp* 

where k denotes the susceptibility. By an easy extension of 
Poisson’s analysis it is seen that the uiagnetio induction and 
miignotic force are connected by the equation 

B = H + 47rl, 

where I denotes the total intensity of magnetization: so if I© 
denote the permanent magnetization, we have 

B =5 H + 47rl| + 47rX., 

=> /iH -f 47rL, 

where ^ denotes tl + 47ric): fj, was called by Thomson the 
lyermeahiiity. 

In 1851 Thomson extended his magnetic theory so as to 
include infigiiecrystallic phenomena. The mathematical founda- 
tions of the theory of magiiecrystallic action had been laid by 
anticipation, long before the experimental discovery of the 
phenomenon, in a memoir reail by Poisson to the Academy in 
February, 1824. Poisscni, as will be remembered, had supposed 
temporary magnetism to be due to “ magnetic fluids,” movable 
within the infinitely small “ magnetic elements ” of which he 
assumed magnetizable matter to be constituted. He had not 
overlooked the possibility that in crystals these magnetic 
elements might be uon-splierical (e.g. ellij^soidal), and syiumetri- 
cally arranged ; and had remarked that a portion of such 
a crystal, when placed in a magnetic field, would act in a 
manner depending on its orientation. The I'Clations connecting 

* Cf. p. 65. 
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the induced magnetization I with the magnetii^ing force H he 
had given in a form eq\uvalent to 

/ I, « fl//, 4 h'H, 4 r 7A, 

) I, « . /.//y ^ r7A, 

( 4 - nif. 4 //74 4 r/4. 

Thomson now* shownd that the nino eoeltioients n,h\e * . , 
introduced hr I'nisson, are nt»i intletR'nileut of (wh other. For 
a sphert^ comjH>sed nf the magneervstullinc substance, if placed 
in a uuifonn tiehl oi force, wouhl l»e acted on by a couple: and ,, 
the work dtnu* l»v this couple when the sphere, supposed of 
unit volunu\ iHuforms a ( (unplele revolution round Uu^ axis of x 
may l)e easily shown to iu‘ n-// ( I - //,* //^) ( ~ //' 4 e ). Ihil this 
work must l»e zero, since the sy.steni is restored to its primitive 
condition ; and hence and r must Im* eijual. Similarly /' n\ 
and tf" « //. lly chantrc of axes thn‘e more coetlicumls may 1 h> 
removed, so that tluMMpiations may be brought b) the form 

where ku may be (‘ailed th(‘ prinripal rnmjndic 

hit Hies. 

In the siirm* year (isrilj Thomson investigated the entugy 
w^iich, txs was evident from Faraday s work oti self-induction, 
must be sIohmI in conm'xion with (jvery (dectric current. lie 
showed that, in his own words, f “thi‘ value of a current in a 
closed conductor, li‘ft M^thout ehM;troniotive force, is the 
quantity of work that wotdd lie got by Icitting all the infinitely 
small current.s into which it may be divided along the lines of 
motion of the electricity come together from an infinite distance, 
and make it up. Each of these * infinitely small currents ’ is of 
course in a circuit which is generally of finite length ; it is the 
section of each partial conductor and the strength of the current 
in it that must be infiniUdy small.” 

* PML Mag. (4) i (1851), p. 177: Papen on JClectro»tatici and Magnttim^ 
p.471. 

t Paptf$ on SUctroitaeki and ItagntliMutf p. 446. 
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Biflcussing next the mutual enei'gy due to the approach of a 
permanent magnet and a circuit carrying a current, he arrived 
at the remarkable conclusion that in this case there is no 
electrokinetic energy which depends on the mutual action ; the 
energy is simply the sum of that due to the permanent magnets 
and that due to the currents. If a {>ermarient magnet is 
caused to approacli a circuit carrying a current, the electromotive 
force acting in the circuit is thereby tenipoiarily increased; the ^ 
amount of eCergy dissipated as Joulian heat, and the s|>eed of 
the chemical reactions in the cells, are temporarily increased also. 
But the increase iii the Joulian heat is exactly equal to the 
increase in the energy derived from consumption of chemicals, 
together with the mechanical work done on the magnet by the 
operator who moves it ; so that the balance of energy is perfect, 
and none needs U) be added to or taken from the electrokinetic 
form. It will now evident why it was that Helmholtz 
esca].)ed in this Ciise the errors into which he was led in other 
cases by his neglect of electrokinetic enei-gy ; for in this case 
there was no electrokinetic energy to neglect. 

Two years later, in Thomson* gave a new form to the 
expression for the energy of a system of permanent and 
temporary magnets. 

We have seen that the energy of such a system is represented 
by 



where po denotes the density of J’oissons equivalent magnetiza* 
tion for the permanent magnets, and <j> denotes the magnetic 
potential, and where the integration may l>e extended over the 
whole of space. Substituting for its value - div Io,t the 
expression may be written in the form 

. - .1 HI <j^divIod^rfydz; 


'•^Proc. Olaiigow Phil. Soc. iii (1853), p. 281; Kelvin’s Mntk» Hnd PAyt. 
J^per$, i, p. 621. t Cf. p. 84. 
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or, inteigratiiig by parts, 

“• i or - J 

Since B «/tH + 4irl„ tl>is *'xpn“i».si*iii may Im» wiitUMi in the 
form 

but the former c^f thoj«e inteijrral'^ is eijni valent to • 

III (B. grad <»r - j^j j div 

which vanisln»«. ftiiiee B is a ciienital vector. The energy of tho 
field, therefore, i educes to 

slfl)' 

integrated over all j^]jace; which is e(jui\alent to Thoinaoira 
form.* 

In the same memoir Thomson returned to the ([uestionof the 
energy' which is jifbssc.ssod hy a eircuil in \iitue of an electric 
current circulating in it. As he x^marked, tin* energy may 
be determined hy calculating tfu' amount t)f work which 
must IfO flone in and f»n the circuit in order to double tho 
circuit on itself wliilc the current is htistained in it with 
constant strengtn; foi Faraday's experiments show that a 
cii*cuit doubled on itself lias no stored energy. Thomsem fouml 
* that the amount of work rcfjuired may hf‘ exprcssofl in the form 
where i denotes the euirent strength, and Z, which is 
called iXxerot'jfftcimt of spjf-inilurtion, depmids only on tho form of 
the circuit. 

It may be noticed that in the doubling process the inherent 
* The form actual! \ vn liy ThotiiHCin wan 

fill) 

which teducea to the above when w«t neglect that part of X’ which U due to the 
permanent magnetism, over which we have no control. 
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electrodynamic energjr is being given up, and yet the operator » 
doing positive wot-k. The explanation of this apparent paradox 
is that the energy derived from both these sources is being 
uped to save the energy which would otherwise be furnished by 
the battery, atid which is expended in Joulian heat, 

Thomson next proceeded* to show that the energy which is 
stored in connexion with a circuit in which a current is flowing 
may be expresserl as a voluino-integral extended over the whole 
of space, similar to the integral by which he had already 
represented the energy of a system of permanent and temporary 
magnets. The theorem, as originally stated by, its author, 
applied only to the case of a single circuit; but it may be 
established for a system formed by any number of circuits in 
the following way : — 

If denote the number of unit tubes of magnetic induction 
which are linked with the circuit, in which a current t, is 
flowing, the electrokinetic energy of the system is iSAVVi which 
may be written jS/r, where 4 denotes the total current flowing 

through the gap formed hy the z*'* unit tube of magnetic induc- 
tion. But if H denote (he (vector) magnetic force, and -ff its 
numerical magnitude, it is known that (l/47r)/ir</6\ integrated 
along a closed line of magnetic induction, measures the total 
current flowing through the gap formed by the line. The 
energy is therefore lids, the summation being extended 

over all the unit tubes of magnetic induction, and the integra- 
tion being taken along lliem. Ihit if dS denote the cross-section 
of one of these tul)e8, we have BdS = 1, where B denotes the 
numerical magnitude of the magnetic induction B : so the eneig}” 
is {l/Sir)'2BdSj IIds\ and as the tubes fill all space, we may 
replace SrfjS/rfs by jjjdvdi/dz. Thus the eueigy takes the form 
(I/Stt) //f BJldxdydz, where tlie integration is extended over the 
whole of space ; and since in the present case B » the energy 

may also be represented by filPdvdydz. 

* * NiehoW Cyehpwdut^ 2nd ed., I860, article l* Magnotiam, dynamibal 

relations of;** TOprintsd in Thomson’s Vapet* oh EUet, and p. 447, and 
bis Moth* ond jPAys. Poperff p. 532. 
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Bttt tliis is identical with the tom whioh wm obtained for 

_ field due to permanent and temporary magnets. It thus 
appears that in all eases the storeil energy ef a system of 
electric currents and {leimaueut and teinjuirary magnets is 

j 1 1 flip i/.r thf ilz, 

where the iutegratum is exlt-iided uver all spjiee. 

It must, however, leimnnU'nHl |hat thi.K represents only 
what in therimKlyiKiniu‘s is ealltHl the ‘'availalile enorjty”; and 
it must further he nuneinlMued that part even c»t this uvailahlf 
enerj^y may not t onvertible into nuM‘hani(‘al work witidn the 
limitations of the system: e.j^., tlie eleetrokiuetie enerjry of a 
current llowinj,: in a single cIommI tHofecily eoiulueting eiiiMiit 
cannot lie converted into any otlier ftuni so long as the eireuit 
is alwolutely rigitU All that w»» can say is that tlu‘ changes in 
this stored eleetrokiuetie energy eoiresptmtl to the work furnislied 
by the system in any ehaiu*e. 

The above form suggests that the lonogy may not lie ItHjalized 
ill the substance of ilie eiicuits and magnets, but may 1 m» distri- 
buted over th<* whole of sjiac’e, an amount (fjiIPfSTr) of energy 
being contained in each unit v<iluiiie. This conception was 
* afterwards adopted by Maxwell, in whose theory it is of 
fundamental iinportanct\ 

While Tlionison was investigating the energy stored in 
connexion with electric currents, the equations of How of the 
currents were l»eing generalized by (iustav Kirchhoff {b, 1824, 
rf. 1887). In 1848 Kirchholf* extended Ohm’s theory of linear 
conduction to the case of conduction in three dimensions ; this 
could be done without much difficulty by making use of the 
analogy witii the How of heat, which had proved so useful to 
Ohm. In Kirchhoirs memoir a system is supposed to be 
formed of three-dimensional conductors, through which steady 
currents are Howing. At any |3oint let F denote the tension ” 
or electroscopic fpree ” — quantity the significance of whicli* 

^Ann.d. Phy^, Uxv US48j, p. 1$S; KirehhofTs Oe», AbhandLt p. 3S. 
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in electrostatics was not yet correctly known. Then, within 
the substance of any homogeneous conductor, the function V 
must satisfy taplace's equation V* K « 0 ; while at the air-surface 
of each conducujf, the derivate of V taken along the normal 
must vanish. At the interface between two conductoi’s formed 
i)f diflerent materials, th(‘ function F has a discontinuity, 
which is measured by the value of Volta’s contact force for the 
two conductors ; and, nir»reo\er, tlie condition that the current 
shall be continumis a^ioss sucli an inteiface requires that 
/v jydX shall be continuous, wliere /* deimtes the ohmic specific 
cfuidiKitivity of the conductor, and r/cV denotes diffeientiation 
along the nc»rmal to the inteiface. The equations wliicli have 
now boon mentioned suffice to deteiinine the flow of electricity 
in the system. 

Kirchhofi' also show(»d that the eurrents distribute them- 
selves in the conduetois in such a way as to generate the least 
possible amount of Joulian heat: as is easily seen, since the 
quantity of Joulian heat generated in unit time is 



'■luj ‘O':) 




where as before, denotes the .sjH*c*ific conductivity ; and this 
integral has a sUitionary value when F satisfies the equation 

r.n I • 

Kirchhofi’ next applied himself to establish harmony l>etwoeii 
electrfistatical conceptions and the theory of Ohm. That 
theory had now been before the world for twenty years, and 
had been verified by numerous experimental researches ; in 
particular, a careful investigation was made at this time (1848) 
by Rudolph Kohlrausch (f), 1809, cf, 1858), who showed* that 
the difference of the electric “ tensions ” at the extremities of a 
voltaic cell, measured electivstatically with the circuit open, 
was for difiereut cells proportional to th^ electromotive force 

♦Ann. d. Pbys. Ixxv (1848), p. 220. 
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bjr the electrodynamio effects of the cell with the 
dfeiiit closed; and, further,^ that when the circuit was hlosed, 

: the difference of the tensions, measured electrostaldcally, at any 
two points of the outer circuit was proporUonal to the ohmic 
resistance existing between them. But in spite of all that bad 
been done, it was still uncertain how “tension/* or “electro- 
seopic force/* or “ electromotive force ” should be interpreUni 
in the language of theoretical electrostatics ; it will l)e 
rememl>ered that Ohm himself, perpetuating a confusion which 
bad originated with had identified electroscopic’ force 

with density of ele<?trit* charge, and had tissiimed that the 
electricity in a ofiiuluctor is at rc'st when it is distribuied 
uniformly thruugliout the suhstam e of tlie c‘onduetor. 

The uncertainty was finally renu»ved in 1849 by Kinrldioirt 
who ideiilified Ohurs eUx'troscopic force with the electrostatic 
potential. That this identification is correct may be seen by 
comparing the dilfereiit e.xpreHsi<»ns whicth have been obtained 
for electric energy: Hclmholt//s expnnssionj sliows that the 
energy of a unit charge at any place is proportional to the 
value of the elcctrosUtiic potential at that place; while Joule*s 
result^ shows tiiat tln^ enmgy liberated by a unit charge in 
passing from «»ne place in a circuit to another is pn>porlional 
to the diflbremre of tJie electric Imnsifnis at the two places. It 
follows that tension and poU*ntial are the .same thing. 

The work of Kirchhoff wan followed by several other 
investigations wliich belong to the br^rderlaml between electro- 
statics and electrodynamics. One of the first of these was the 
study of the I-,<iyden jar discharge. 

Early in the century Wollaston, in the course of his gxiK)ri- 
ments on the decomposition of water, had observed that when 
the decomposition is eflected by a discliarge of static electricity, 
the hydrogen and oxygen do not appear at separate electrodes ; ^ 
but that at each electrode there is evolved a mixture of the 

«, * Ann. d. Phyt, Ixxviii (1849), p. 1. 

t /t. Izzviii (1849), p. 50G ; Kiit;hboff*ii GeM, Abhetndi, p. 49 ; Phil. Mag. (3), 
zxzvii (1850), p. 463. 

} Cf. p. 212. 


i Ct p. 239. 
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gases, as if tl^e current had passed through the water in 
directions. After this F. Savary* had noticed that 
discharge of a Leyden jar magnetizes needles in attemali^^ 
layers, and had conjectured that the electric motion during 
the discharge consists of a series of oscillations.” A similar' 
remark was made in connexion with a similar observation by 
Joseph Henry (5. 1799, th 1878), of Washington, in 1842.t 
“ The phenomena," he wrote, “ require us to admit the existence 
of a principal discharge hi one direction, and then several reflex 
actions backward and forward, each more feeble than the 
preceding, until equilibrium is restored.** Helmholtz had 
repeated the same suggestion in his essay on the conservation 
of eneigy : and in 1853 W. ThomsonJ verified it, by 
investigating the mathematical theory of the discharge, as 
follows : — 

liCt C denote tlie capacity of the jar, i.e., the measure of the 
charge when there is unit dill'ereiice (J potential between the 
coatings; let R denote the ohmic resistance of the discharging 
circuit, and L its coefficient of self-induction. Then if at 
any instant t the charge of the condenser (>, and the 
current in the wire be t, we have / = dQ-dt ; while Ohra*s law, 
modified by taking self-induction into account, gives the 
equation 

di Q 


Ri + L 


dt 


Eliminating % we have 




V 




0 . 


an equation which sliows that when IV-C < 4Z, the subsidence 
of Q to zero is efiected by oscillations of period . 


( I A«VJ 


* Annalffsde Chiniio, xxxiv (18'i7;, \\ 5. 
fProo. Am. Phil. Soc. ii (IS42), p. 193. 

X Phil. Maj;. (4) v (1853), p. 400 ; Kelvin's and Papers i,. 

p. 540. 



254 The Mathematual Eiectricmm of the 

ample result may be regarded as tlie be^nniitg of the 
of electric oscillations. 

; Hiomson was at tliis time much engaged in the problems 
et submarine telegraphy; and thus lie was led tb examine 

vexed question of the ** velocity of electricity overlong 
^ insulated and cables. Various workers had made 

experiments on this subject at different times, but with 
hojielessly discordant nvHulls, Their attempts had generally 
taken the form of measuring the interval of time iKitw^^ui the 
appearance of sjwirks at two spark-gups in the siime ciicuit, 
between whirh a great Imgtli of win* inttu vtuied, but whu b 
were bn>ught near each other in nrder that the dischaigi»s 
might stvn together. In iine serit*s of exfK'riinents, 
piTformed by Wjits*in at SluN)ler‘s Hill in 17^7-S • the eircuit 
was four miles in length, two miles through wire ;ind two 
miles through the gnmnd: hut tlie discharges ap|H‘ared to U* 
perfectly simultaneous ; whence Watstui ('onclutled that the 
velocity of pr(»i)agatitin of electric etl’ects is too gmit to he 
measurable. 

In 18:U Charles \Vht*atstonc.t Profesw of KxiH'rimenlal 
Philosophy in King’s Collegt% London, by examining in a 
revolving mirror .sjjarks formed at the extremities of a circuit, 
found the velocity of electricity in a copper wire to !>e about 
one and a half times the vehiciiy of light. In 1850 H. Fizeau 
and E. Gounelle,* experimenting with the telegraph lines from 
Paris to Kouen and to Amiens, obtained a velocity about one- 
third that of light for the propagation of electricity in |^n iron 
wire, and nearly two-tlurds that of light for the propagation 
. in a copi)er wire. 

The first step towards €‘.xplaiiiing these discrepancies was 
made by Faraday, who§ early in 1854 sliowed experimentally 
that a submarine cable, formed of copper wire covered with t 

* Phil. Tran«. xlv (1748), pp. 49, 491. ,, 

t Phil. Tium., 1834, p. 683. 

I Compter Rendtis, xxx (1860), p. 437. 

} Proe. Roy. In^L, Jan. 20, lSb4 : Phil. Mag., June, 1864: JSxp, jRe§. iii, 
pp. 50$, 521. 
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gutta-percha, may be assimilated exactly to an "^ immense 
Leydeft battery ;• the glass of the jars represents the guttai- 
|^|cha; the internal coating is the surface of the copper srite,^. 
w^e th« outer eoating corresponds to the sea«water. ft 
follows that in all calculations relating to the propagation of 
electric distu{bances along submarine cables, the electrostatic 
capacity of the cable must be t^en into account. 

The theory of signalling by caVde originated in a corre- 
spondence between Stokes and Thomson in 1854. In the case 
of long submarine lines, the speed of signalling is so much 
limited by the electrostatic fact<jr that elect ro-niagnetic induc- 
tion has no sensible etlect ; and it was accordingly neglected in 
the investigation. In view of other applications of the analysis, 
however, we shall suppose that the cable has a self-induction Z 
per unit length, and that Ji «lenotes the ohmic resistance, and 
C the capacity per unit length, F the electric potential at a 
distance x from one terminal, and i the current at this place. 
Ohm’s law, as modified for inductance, is expressed by the 


e(iuation 


dV 


Bi; 


moreover, since the late of accumulation of charge in unit 
length at a; is - ci/?.r, and since this increases the potential 
at the rate - (llC)dil('x, we have 

= 

ct 


Eliminating i hetween Iheso two equations, we have 






wliich is known as the i'qmtion of (eleqrapht/,* 

* Thomson, in one of his lettersf to Stokes in 1854, 
obtained this equation in the form which applies to Atlantic 
.cables, i.e,, .with the term in L neglected. In this form it jp 

* We have neglected leakage, M’liieli is beside our present purpose* 
t Proo. Koy. Soo., May, 1855 : Kelvin's Math, and Papers^ ii, p. 6U 
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the same as Fourier’s equation for the linear propagation of 
heat: so that the known solutions of Fourier’s theory may be 
used in a new interpretation. If wo 8ul)stitute 
y ^ i 


we obtain 


X - Ml * 


and therefoiv a typieai eloiiu'uftirv solution of iho <H|uation is 
V ^ sin \2itt {nCA*)^x\, 

The form of this soluiion shows that if a n*i:iilar hunnoiiio 
variation of {H)tentiii! apjdie*! at out* end <»f a cublt\ the |i1hwh.» 
is propqrated with a \el»K*ity whi<‘!i is proportional to the 
square ro4itof the freqiieney of the oscillations: since therefore 
the diflerent harmonics ai«‘ projwi^Mled with diHerent veloi‘ities, 
it is evident liiat no definite “ \elfK‘ity of transmission is to be 
expected for onlinaiy si^naN. If a potential is suddenly applied 
at one eml of the cabh*. a certain time ela|>scs before the current 
at the other eml attains a <lefiniie iHTcentaj^e of its maximum 
value; but it may easily !«» shown^ that this retardation ia 
projs)rtional to th»‘ s4uare i»f tin* liuigth of the <»able, so that 
thcap|)arent \el(K ity of projKi^nition would be less, the greater 
the length of ca!»lc used. 

The wise of a teh*graph line insulaleil in the air on poles is 
different from that of a (able; for here the cajautily is small, 
and it is necessary to take into aei^ount the* inductance. If in 
the general equation of Udegraphy we wriUj 
y = 1 t 

we obtain the equation 

R ( //•* \\ 

'‘’"szM.jp'c'zj ’ 

as the capacity is small, we may replace the quantity under the 
radical by its second term : and thus we see that a typical 
elementary solution of the equation is 

r *r. (? sin n\x - {CL)’^ i}; 

11)i« result, indeed, follows at once from the theory of dfmensions* 
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this shows that any harmonic distnrbance, and therefore any 
disturbance whatever, is propagated along the wire with 
velocity {GLyK The difTerence between propagation in an 
aerial wire and propagation in an oceanic cable is, as Thomson 
remarked^ similar to tlie difference tietween the propagation 
of an impulsive pressure through a long coluuin of fluid in a 
tube when the tube is rigid (case of the aerial wire) and when 
it is elastic, so as to l>e capihie of h>cal distension (case of the 
cable, the distension corresponding to the effect of capacity) : 
in the former case, as is well known, the impulse is propagated 
with a definite velocity, namely, the velocity of sound in thb 
fluid. 

The work of Thomson on signalling along cables was followed 
in 1857 by a celebrated investigation* of Kirchhoffs, on the 
propagation of electric tlisturluiiice along an aerial wire of 
circular cross-section. 

Kirchhoff assumed tliat the electric eliaige is practically all 
resident oi> the surface of the wire, and that the current is 
uniformly distributed over its ci<»ss-section ; his idea of the 
current was the siime as that of Fechner ami Welder, namely, 
that it consists of eipial streams of vitremis and resinous elec- 
tricity flowing in opposite directions. Denoting the electric 
potential by F, the cliarge per unit length of wire by r, the 
length of the wire by /, and the radius of its cross-section by a, 
he sliowed that Fis determined approximately by the e^juationf 

F« LVlog(//a). 

♦ Ann. d. Phys. F(18.>7), pp. 193, 251: Kin'iihors Ge*, AbKamdL, p. 131; 
Phil. Mag. xiii (1857). p. 393. 

t Uis method ot obtaining this ef|uiition wa< to calculate separately the edects of 
(1) the portion of the wire within a distance e on either side of the point con- 
sidered, where c denotes a length small i ompared ^ ith 7. but large compa^ with a, 
and (2) the rest of the wire, lie thus obtained the equation 


prhere the integration is to l>o taken ovei all the length of the wire except thf 
portion 2e: the equation given in the text was then derired by an appix>ximjUion, 
which, however, ip open to some objection. 

S 
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The next factor to be consulercd is the mutual induction of 
the current-elements in different parts of thi wire. Ai^uming 
with Weber that the electromotive force induced in an element 
da due to another elemeut da' carrying a curient i is derivable 
from a vector-potential 

(t . da'), r 

I ; , 


Kirchhoff found for the vector-potential due to the entire wire 
the approximate value 

«• = 2nog(//o), 


where i denotes the strength of . llie current ;* the vector- 
potential being directed parallel t«) the wire. Ohm’s law then 
gives the equation 


f ■= - iria’ { + 
Vfjr 


1 inc\ 
r’ ot : ' 


where k deuote.s tfie s[«‘ffifi(! ronduetivity of the material of 
which the wire is compo.scd; and finally the principle of 
con8er>'ati(m of electricity gives the eciuation 


ci (y 

fV “ “ ' 

Denoting log (//a) by y, and eliminating e, i, v: from these four 
equations, we have 

1 ar 

03? C* of* 2‘yKwa* 0f ' 

which is, as miglit have been cxi^cted, the eciuation of telegraphy. 
When the term in 0 F/0f is ignored, as we have Seen is in certain 
cases permissible, the equation Ijecoiuos 

yr 1 0*r 

3/' “ c* 0<* ’ 


This exprenion was derived in n similar way to that lor by on intermediato 
fermuls 

.. , 2 * . 
w •> xtiog + \ ~- * 0 * • 

wlwre t and f* d«n<d« rcspectiraly the angles mode with r by da and da'. 
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which shows that the electric didurhaivce is jrropagated alow} the 
wire soith the velocity c* KirchhofTs procedure has, in fact, 
involved the calculation of tfie capacity and self-induction of 
the wire, and is tlws able to supply the definite values of the 
quantities which were left undetermined in tlie general equation 
of telegraphy. 

The velocity c, whose importance was thus demonstrated, has 
already been noticed in connexion with Welxjr's law of force ; 
it is a factor of proportionality, which must be introduced when 
electrodynainic jihcnomeiui are described in terms of units which 
have been defined electrostatically, f oi- conversely when units 
which have been defined electrodynamically^ are used in the 
description of electrostatic phenomena. That the hietor which 
is introduced tui such occasions must be of the dimensions 
(length /time), may be easily seen : for the electrostatic re- 
pulsion between electric charges is a cpiantity of the same kind 
as the electrodynamic repulsion between two definite lengths of 
mve, carrying currents which may l)e specified by the amount 
of charge which travels past any point in unit time. 

Shortly l)efore the publication of Kiixdihoifs memoir, the 
^ value of c liad l)een determined by ’Weber and Kohlrausch§ ; 
their determination rested on a comparison of the measures of the 
chaise of a Leyden jar, as obtained by a inetlnxl depending 
on electrostatic attraction, and by a method ilependiiig on the 

* In referring to the original memoirs of Weber and Kirchhoff, it must be 
remembered that the quantity which in the present work is denoted by and 
which represents the velocity of light in free aether, was by these writers denoted 
by e/y/i. Weber, in fact, denoted by r the relative velocity with which two charges 
must approach each other in order that the force between them, as calculated by 
his formula, should vanish. 

It must also be remembered that those writers who accepted the hypothesis 
that currents consist of equal and opposite streams of vitreous and resinous 
electricity, were accustomed to write 2i to denote the current •strength. 

t i.e., defining unit electric charge as that which exerts unit pouderoniotive 
force on a conductor at unit distance which carries an equal charge ; and thmi 
defining unit current a" that which conveys unit charge in unit time. 

X i.e., defining unit current by means of the ponderomotive force which it 
exerts on an equal current, when the two currents fi 4 >w in circuits of specified 
form at a specified distance apart. 

§ Ann, d. Phys. xeix (1850), p. 10. 



260 


Tht Mathematical Electricians of th: 


magnetic eflects of the current proilueod by dischar/ing tin* jar. 
The resulting value was nearly 

e. « X 10'" cm./scc. ; 

which was the same, within the limits of th«5‘ errors of measure- 
ment, as the 8pee<l with which light travels in int erplanetary 
space. The coLneidenco was noticed by Kirchhutr, who was thus 
the first to tliscover the important fact that the vel<x;ity with 
which an electric disturbmice is propagatwl along a perfectly- 
conducting aerial wire is equal to the velocity of light. 

In a second memoir publisheil in the same year, Kirchhoif* 
extended the equations of propagation of electric disturbance 
to the case of three-dimensional conductors. 

As in his earlier investigation, he divided the electromotive 
force at any point into two parts, of which one is the gradient 
of the electrostatic potential and the other is the derivate 
with respect to the time (wdth sign reverseil) of a vector- 
potential a ; so that if i denote the current and A* the specific 
conductivity. Ohm’s law is expressed by the equation 


i = A- {f gruil <f> - a). 


KirchboH' calculate<l the value (*f a by aid of Welier’s formula 
for the inductive action of one current element on another;* 
the result is 


a 


.fj 


(r.i’)r, 


where r denotes the vector from the point //, z), at which a is 
measured, to any other |xiint (x,;/',z')of the conductor, at which 
the current is i' ; and the integration is extended over the whole 
volume of the conductor. The remaining general equations are 
the ordinary equation of the eh'ctrrwtatic potential 

s 47rp — 0 

(where p denotes the density of electric chaige) and the equation 
of conservation of electricity , 

v; ^ div i = 0. 

* Aim. d. Phvs. cii (1857), |i. 629: Get. Abkmil,, i>. 154. 
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It will be se(m that Kirchhoif’s electrical researches were 
greatly influenced by those of Weber. The latter investiga* 
tioiis, however, did not enjoy unquestioned authority ; for there 
wuH still a question as to whether the expressions given by 
Wttber for the mutual energy of two current elements, and for 
tht! mutual cneigy of two electrons, were to Ije preferred to the 
rival formulae t)f Neumann and Itiemann. The matter was 
examined in 1870 by Helmholtz, in a series of memoirs* to 
which reference has already been made.t Helmholtz remarked 
that,' for two elements ds, ds', carrying currents i, the electro- 
dynamic energy is 

u'(d8.ds') 

-y- , 

according to Neumann, and 
it' 

^^(r.dsXr.ds'), 


according to Weber ; and that these expressions differ from 
each other only by tlie quantity 

ii'dsds' , 

— ; — |- cos(<M.(<s) + cos (r.ds) cos (r.ds )|, 


or 


ii'd^d-i' 


, (Pr 


d.ids” 


since this vanishes when integrated round either circuit, the 
two foi-mulae give the same result when applied to entire 
currenUil A general formula including both that of Neumann 
and that of Weber is evidently 


tt (is . ds ) , d-r , 

+ hi -r-j-, dsds\ 

r ds ds 


where Jc denotes an arbitrary constant.^ 

Helmholtz’s result suggested to t'lausiu8§ a new form for 
the law of force between electrons; namely, that which is 

* Jounkal fUr Math., Ixxii (1870), p. 57 : Ixxv (1873), p. 35: Ixxviii (1874), 
p. 273. taCf. p. 229. 

X Of. II. Lamb, Proc. Loml. Math. 8oc., ziv (IS83}, p. 301. 

{ Journal fUr Math. Ixxxii (1877), p. 85 : Phil. Ma^., x (1880), p. 255. ^ 
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obtained by supposing that two electrons of chiir: os r, <•', and 
velocities ▼. v', iwssess clectrokinetic energy oY annuint 


o/iv.v') , , 

1 - - IT 


^ Subtracting from this the mutual cltH trosialic potential ciungy, 
which is wc may write the mutual kinetic ])Otenlial of 

the two elections in the form 


' , j. , d^r 

• inj ^ zz - d) ^ hi -y , vr , 

T iU (iii 

* 

where (.r, y, z) denote the coordinates of r, and (/, y\ 2") 
those of e\ 

The unknown constant k has clearly no influence so long as 
closed circuits only arc considered : if k l)e replaced by zero* 
the expression for the kinetic {mtential liecomes 


ee 




which, as will appear later, chisely reseinbleH the eoriesponiiing 
expression in the modern theory of electrons. 

Clausius’ formula hiis the great advantage over Webers, that 
it does not comi>el us to assume espial ami opposite velocities 
for the vitreous and resinous tharges in an eh‘ctric current; 
on the other haml, Clausius’ expression involves the absolute 
velocities of the electrons, while Webers dejMinds only on their 
relative motion; and therefore (dausius’ th(*ory rtMjrtijes the 
assumption of a fixed tietlier in spiK.!e, to which the? velocities 
▼ and V may he referred. 

Wfien the Ixdiaviour of finite electriwd systems is predicted 
from the formulae of Weber, llieiiianii, and Clausius, the three 
laws do not always lead to concordant results. For instance, if 
a circular current lx? rotated with constant angular velocity 
round its axis, according to Weber’s law there would be a 
development of free electricity on a sUitionary conductor in the 
neighbourhood; whereas, according to Clausius’ formula there 
would be no induction on a stationary body, but elecMiication 
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would appear oii a l)ody turning with the circuit as if 
rigidly connected with it. Again,* let a magnet be suspended 
witliin a hollow metallic body, and let the hollow body be 
svulilenly charged flr discharged; then, according to Clausius’ 
theory, the magnet is unaffected; but according to WeWs 
and llicmann’s theories it ex{)oricnce.s an impulsive couple. 
And again, if an electrified <lisk l<e rotate<l in its own plane, 
under certain ciicumslances a steady current will be induced in 
a neighbouring circuit * according to Weljer’s law, but not 
according to the other formulae. 

An interesting objection to Clausius’ theory was brought 
forward in 1879 by Frohlicht — namely, that when a charge of 
free electricity and a constant electric current are at rest 
relatively to each other, but partake together of the translatory 
motion of the earth in space, a force should act between them if 
Clausius’ law were true. It was, however, shown by Budde^ 
that the circuit itself acquires an electrostatic charge, partly 
as a result of the same action which causes the force on the 
external conductor, and partly as a result of electrostatic 
induction by the charge on the external conductor ; and that the 
total force between the circuit and external conductor is thus 
reiluced to zero.§ 

We have seen that the discrimination between the different 
laws of electrodynamic force is closely connected with the 
question wdiethcr in an electric current there are two kinds of 
electricity nuwing in opposite directions, or only one kind 
moving in one direction. On the unitary hypotliesis, that the 

*The two following: crucial experiments, with others, were suggested by 
E. Budde, Ann. d. Phys. xxx (1887), p. 100. ^ 

t Ann. d. Pliys. ix (1880), p. 261. 

X Ann. d. Phys. x (1880), p. 653. 

jThis case of n charge and current moving side by side was afterwards 
examined by Fits Qemld (Trans. Boy. Dub. Soc. i, 1882 ; Writiftgi 

0, F. FittOwalt!^ p. Ill) without reference to Clausius* formula, from the 
standpoint of Maxwell’s theory. The result obtain^l was the 8ame>-namely, 
that the electricity induced on the conductor carrying the current neutralixes the 
ponderomotive force between the current and the external charge. 
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current cousists in a tmnaixirt of one kind of elect i ieity with a 
definite velocity relative to the wii-e, it might' be o\pectetl that 
a coil I'otateil rapidly about its own axis would goneraU' ii 
magnetic field difleivnt froin tluit produe^d by tiu' same coil 
at rest, Ex{>eriments lo ilelermine the matter wei«» pi^rformed 
by A. Fdppl* and by K. L Nichols and \V. S. Kiankliii.t but 
with negative restdls. The latter investigators fontid iluit ihi* 
velocity of electrii ity must Ih' such that the cpiaiUity conveyed 
past a spwified point in a unit of tiiipe, when the ilirection of 
the current was that in which tlie ctnl was travelling, did not 
ditter from that transferivti when the current and <‘oil wen* 
moving in opposite tlirections hy as much as i»ne part in ten 
million, even when the velocity of tin* win* was PitOtJ (Mn./sec. 
They considoretl that they woulil have been aldt* to detivt 
a change deth*xion due to the motion of the even though 
the velof’ity of the current Innl been <’onsiderahly greater than 
a thousiuid million metres pi'i* second. 

During the dt‘r*adt*8 in the midille of tin* century eonsirler- 
able pnigress waa made in tin? science of tbermo-electricity. 
whose Ix^giniiings we have already dc»scrilKHl.* In Farinlays 
laboratory notc-biok, uinier the date July 28th, 1836, wo 
^read§ : — ** Surely the cou verse of thermo-electricity ought la? 
obtained experiinentally. Pass current througli a circuit of 
antiinony and bismuth/' 

Unknown to Faraday, ,the 6X{)erimetit here indicated had 
already been made, although its author had arrived at it by a 
different train of ideas. In 1834 Jean Charles Peltieiil {k 1785, 
d* 1845) attempted the task, which was afterwards performed 
with racoess by Joule, f of measuring the heat evolved by the 
paaeagO of an electric current through a conductor. He found 
that a current produces in a homogeneous conductor an elevation 

* Aim. d* Phys. xjiTit (1886), p. 410. 

* t Amur* Jour. Sch, xxxvii (1889), p. 108. 

$ Cl. ppm 92, 93. { Bence Jene^B Zifi of Fattniap, ii, p« 76* 

t I'AiiimIm de Chimte. In (18341. d. 371. f Cl. D. 239. 
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of temperature, which in the eame in all parts of the conductor 
wh<‘re the cross-section is the same; but he did not succeed in 
connecting the tljerrnul plienomeira quantitatively with the 
stivngth of the curfent — a failure which was due chiefly to the 
cin \iiii6tance that his attention was fixed on the rise of 
teiiijMirature ratlier than on thc3 amount of the heat evolved. 
But incidenUilly the investigation led to an important discover)" 
— namely, that wlaui a eiiiTeut was passed in succession through 
tw<» conduct(jrs made (if (fissiiiiiiar metals, there w’as an evolution 
of hf‘at at the junction ; and tliat this dcqiended on the direction of 
th(‘ current; for if the junction was heated when the current 
flowtnl in one s(uis(», it was ccioled when the current flowed in the 
opjiosite sense. This Pdtivr rjfrrf, as it is called, is quite distinct 
from the ordinary douliau lilKuatiou of lieat, in which the 
amount of (uiergy sid fn^e in the thermal form is unaffected by 
a reversal of the current ; the douliau effect is, in fact, projwjr- 
tiunal to the square of the curivnt-strength, while the IVltier 
effect is projxutional to the current-strength directly. The 
Peltier heat wliich is aixsorbed from external sources when a 
cuiTent i flows for unit time tlirough a junction from one metal 
B to another meUil A may therefore be denoted by 

whei’c T dendles the absolute temperature of the junction. The 
function {T) is found to be expressible as the difference of 
two partS) of which one depends on the metal A only, and the 
other on the metal B only ; thus we can write 

n^(r) = ri/3’)-n,(r). 

In 1851 a general theory of thermoelectric phenomena was 
constmoted on tiie foundation of Seebeck’s* and Peltier’il dis- 
coveries by W. Thomson.t Consider a circuit formed of two 

• Of. pp. 92, 98. 

t Proo. B.8. £dinb. iii (1861), p. 91 ; PhU. Mag. iii (1852). p. 629 : K«lvin'« 
JMA. Md jnqwrt, i, p. 318. Of. idto Tnn«. S. Edinb. xxi (1864), 
p. 123, repiiotsd in Pupm, i, p. 232 : niid Phil. Tmna., 1866, ntprinted in 
ii, p. 189. 
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metals, A ami B, ami let one junction bo maintained at a 
slightly higher tcniiierature (T + ST) than the teiii|x*iatur(f 7’ 
of the other junction. As SeelKXik had shown, a thei ino-eleetric 
current will be set up in the circuit. Tluhnson saw that such 
a system might bo regarded as a heat-engine, whioli aixiorbs a 
certam quantity of heat at the hot junctioa, and converts part 
of this into electrical energy, liberating the rest in the form of 
heat at the cold junetiou. If the Joulian evolution of heat be 
n^lected, the process is reversible, abd must obey the second 
law of thermodynamics ; that is, the sum of the quantities of 
heat absorbed, each divided by the absolute temperature at 
which it is absorbed, must vanish. Thus we have 

n;(rjsr) n;(7') ^ 

"~T^sr~ r “ ’ 


so the Peltier effect must be diiectly proportiimal to 

the absolute teniiieiature T. Thi.s rcstdl, however, as Thomstm 
well knew, was contradicted by the observations of L'utmuing, 
who liail shown that when the tenijMM.iture of the hot junction 
is gradually increased, the eh'ctromotive ft)ree rises to a maximum 
value and then d(.*crcases. The contradiction led ThoiiLStm to 
predict the cxi.stence of a hitherto unrecognized thermo-electric 
phenomenon — namely, a reversihle alworptiou offbeat at places 
in the circuit other than the junctions. .Suppose that a current 
flows along a wire whicii is of the. satue metal throughout, but 
varies in temiieralure from p<unt to point. Thomson showed 
that heat must lie liberated at some points and absorbed at 
others, so as either to accentuate or to diminish the differences 
of temperature at the diflercnt points of the wire. Suppose 
that the heat absorbed from external sources when unit 
electric charge passes from the alisolute temperature T to the 
temperature {T + ST) in a metal A is denoted by S^(T).ST. 
The thermodynamical equation now takes the corrected form 


nl(r + BT) 

~ r + ST 




T 


0 . 
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Siiic(; the metale A and B are quite independent, this gives 


Ua{T + iT) 
7' + 8/ 



er 


SAT)-T 


£ tn,(7), 

dr ( r 1 ■ 


This equation connects Thomson’s “ specific heat of electricity” 
dAT) with the Peltier effect. 

In 1870 P. 0. Tait* feund experimentally that the specie 
heat of electricity in pure metals is proportional to the absolute 
temperature. We may therefore write SAT)-ajtT, where 
«i 4 denotes a constant characteristic of the metal A. The 
thermodynamical equation tlien becomes 

d in, (7), _ 
dT\ T ) 
or 


where ir^denotoft anntlier ooiisiaiit characteristic of the metal. 
The chief part of the Peltier f‘ilect arises from the term ir^^T, 
By the investigations whicli have I)een clescril>ed in the 
present chapter, tlie theory of electric currents was considerably 
advanced in several directions. In all these reseaix^hes, how- 
ever, attention was tixeil on the conductor carrying the current 
iis the seat of the phenomenon. In the following period, interest 
was centred not so much on the conductors which carry charges 
and currents, as on the processes wliich take place in the 
dielectric media around them. 


♦ Proc. K. S, Edinb. vii (I87d), p. 808. Of. also BatelH, Atti delia R. Arc. di 
Torino, xxii (1H86), p. 48, translated Thil. Mag. xxiv (1887), p. 297). 
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CHAPTER VIII 

MAXWSLU 

SlHCK the time of Descartes, natural philosophers have never 
ceased to speculate on the maimer in which electric and 
magnetic iutiuences are transmitted through space. Aliout 
the middle of the nineteenth centui^’, speculation assumed a 
definite form, and issued in a rational theory. 

Among those who thought ninoli on the matter wji« Karl 
Iriedrich (lauss (/>. 1777, </. 187)5). In a letter* to Welier of 
date March 19, 1845. (lauss remarkotl that ho had hmg ago 
proposed to himself to supplement the known fonva wliieh act 
between electric cliaiges hy other forces, such as would cause 
electric fictions to !m‘ projmgated lH*tut‘en the charges with a 
finite vehxjity. Iiut he expre^sed hitii.self as detennineil not 
to publish his reM*ar(*lic.s imiil he sfiould have dcvise<l a 
mechanisin hy whir-h tin* tranMuission (*ould he conceived to 
Ijc effected ; and this he hud not huceeeded in doing. 

More tlian one attempt to leali/e (hiuss's aspiration was 
made l)y his pupil Kiemann. In a fragmentary note,t wliich 
ajipears to have U*en written in 185;], but which was not 
puhlishe<I until after his ileath, Hiemann j>ropo8ed an aether 
whose elements sliould he endowed with the power of resisting 
compression, and also (like the eleinentH of MacCullagirs 
aether) of resisting changes of orientation. Tlie former pro- 
perty he conceived to be the cause of gravitational and 
electrostatic effects, and tlie latter to lie the cause of optical 
and magnetic phenomena. The theory thus outlined was 
apparently not developed further hy its author ; but in a short 
investigation^ wliich was published posthumously in lfi67,S bo 

• GmuM’ IFsrke, ▼, p. 629. + RiemannVJr^rA;^, 2* Aufl., p. 626. 

Ann. d. lUiys. ixxxi (1867/, p. 257 ; Riemann’s irerke, 2* Aufl., p. 288; 
PhU. Mag. zxxiy (1867), p. 368. 

i It had been presented to the Gottingen Academy in 186^, but afterwards 
withdrawn. 
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returned to the question of the process by which electric action 
is ])ropagated thrdhgh space. In this memoir he proposed to 
replace Poisson's equation for the electrostatic potential, 
namely, 


by the equation 


V*F+4»/»-0, 


_,T, ia*F , 


according to which the changes of potential due to changing 
electrification would be propagated outwards from the charges 
with a velocity c. This, so far as it g^»es, is in agreement with 
the view which is now accepted as correct; but Riemann’s 
hypothesis was too sliglit to serve as the basis of a complete 
theory. Success came only when the properties of the inter- 
vening medium were taken into account. 

In that power to which Gauss attached so much importance, 
of devising dynamical models and analogies for obscure physical 
phenomena, perhaps no one has ever excelled W. Thomson^; 
and to hipi, jointly witli Faraday, is due the credit of ha\ing 
initiated the theory of the electric medium. In one of his 
earliest papers, written at the age of .seventeen, t Thomson 
compared the distribution of electrostatic force, in a region 
containing electrified conductors, with the distribution of the 
ilow of heat in an infinite solid : the equipotential surfaces in 
the one case correspond to the isothermal surfaces in the other, 
and an electric charge corresponds to a source of heat.J 

♦ Ab will appear from the present chapter, Maxwell had the same power in a 
very marked degree. It has always been cultivated by the “ Cambridge school ” 
of natural pbiloBophers. 

t Camb. Math. Journal, iii (Feb. 1842), p. 71 ; reprinted in Thomson's 
m BUefroaiaiics and MagHetism^ p. 1. Also Camb. and Dub. Math. Journal, 
Xov., 1845; reprinted in Vapera, p. 16. 

X As reganls ihia cdhiparison, Thomson hud been anticipated by Ghasles, 
Journal d« I’JSc. Polyt. xy (1837), p. 266, who had shown that attraction accord- 
ing to Newton’s law gives rise to the same fields as the steaiiy conduction of heat, 
both depending on Laplace's equation v* T » 0. i 

It will be remethbered that Ohm had used an analogy between thermal conduction 
and galvanic jl»henoniena« 
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It may , perhaps, seem as if the value of ouch an analogy 
as this consisted merely in the pj-osix'ct vfrluch it ollereii df 
comi)ariug, and thereby extending, t!»? mathemati. ul tlieories 
ef heat ami eleetrii ity. But to tlie physicist its inlen'sl 
J / rather in the idea that furtmilae which i*elate t«> the electric 
field, and which hud lHM)n deduced from laws of action at a 
distance, were shown to be identical with formulae relating t« 
the theory of heat, which hod been deduced from hypolhesch 
of action between contiguous particle^. 

In 1846 — the year after he had taken his d^ree as second 
wrangler at Cambridge — Thomson investigated* the analogies 
of electric phenomena with those of elasticity. For this purpose 
he examined the equations of equilibrium of an4ncoropreasihIo 
ela.stic solid which is in a state of strain; and showed that 
the distribution of the vecuw which represents the elastic 
displacement might be assimilated to the distribution of the 
electric force in an electrostatic system. Tins, however, as he 
went on lo show, is not the only analogy which may 1« 
perceived with the <f<iuationH of elasticity ; for the clastic 
displacement may equally well Iw idoulilied with a vector a, 
detine<l in terms of the magnetic iiuluction B by the relation 

curl a B. 

The vector a is equivalent to the vect«/r-potential which 
had been used in the memoirs of Neumann, Weixjr, and 
Kirchhoff, on the induction of currents ; hut Thomson arrived 
at it independently by a diirercnt pnxa^ss, and without being at 
the time aware of the identificatitni. 

The results of Thomson’s memoir seemed to suggest a 
picture of the pru{)agatiou of electric or magnetic force : might 
it not take place in somewhat the same way as changes in the 
elastic displacement are transmitted through an elastic solid ? 
These su^estions were not at the time pursued further 
. by their author; but they helped to inspire another young 

* Camb. and Bub. Math. Journ. ii (1847), p. 61 : Tbomaon’a Hath, end Ph^t. 
•Tepen, i, p. 76, 
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i,'aini>ri<lg« man to take up the matter a few years later. 
Jamc .s •Clerk Maxwell, by whom the problem was eventually 
8olv*v|, was born in 18;31, the sou of a landed yiroprietor in 
J >uiiifric8shire. H<ii was educated at Edinburgh, ami at Trinity 
('ollego, Cam}>ridge, of wliicli society he became in 1855 a 
Fell(»w; and not long after his election to Fellowship, he 
coiiiinunicaUd to the Cambridge Pliilosophical Society the first 
of his endeavours* to form a mechanical conception of the 
electro-magnetic field. # 

^Maxwell had been reading Faraday’s Esipmmmtcd Be- 
searches \ and, gifted as he was with a physical imagination 
akin to Faraday's, he had been profoundly impressed by the 
theory of lines of force. At the same time, he was a trained 
mathematician; and the distinguishing feature of almost all 
his researches was the union of the imaginative and the 
analytical faculties to produce results partaking of both 
natures. This first memoir may be regarded as an attempt to 
connect the ideas of Fara<lay with the mathematical analogic 
which had been devised by Thomson. 

Maxwell considered tii’st the illustration of Faraday’s lines 
•of force which is attbrded by the lines of flow of a liquid. The 
lines of force represent tlio direction of a vector; and the 
magnitude of this vector is everywhere inversely proportional 
to the cross-section of a narrow tube formed by such lines. 
This relation between magnitude and direction is possessed by 
any circuital vector; and in particular by the vector which 
represents the velocity at any point in a fluid, if the fluid be 
incompressible. It is therefore possible to represent the 
magnetic induction B, which is the vector represented by 
Faraday’s lines of magnetic force, as the velocity of an incom- 
pressible fluids Such an analogy had been indicated some 
years previously by Faraday himself, t who had suggested that 
along the lines of magnetic force there may be a “ dynamic 
.condition,” analogous to that of the electric current, and 

* Trans. Qiunti, Phil. i$oc. x, p. 27 ; Maxwell’s Svientijte Ptip»r», i, j>. 1S5. 

3269(1862). > 
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, that, ill taot, " the physical lines of magnetic force are 
jennenta* , * ^ 

f j^ ^e comparison with the lines of flow of a liquid is 
ipplioaUe to electric as well as to magnerie lines of foioe. In 
iiili case the vector which corresponds to ^e vel<^ty of the. 
fiifiid is, in free aether, the electric force S. Bnt when different^ 
: dielectries are present in the field, the electric force is not a 
mrcnital vector, and therefore cannot bo represented by lines 
of force; in fact, the equation «■ 

div E - 0 

is now replacetl by the ecpiation 

div (eE) = 0, 

where t ilenotos the specific inductive capacity or dielectric 
constant at the jdace ( <•, »/, z). 1 1 is, however, evident from 

this equation that the vector (E is circuital ; this vector, 
which will be denoletl by D, bears to E a relation similar to 
that which the magnetic induction B Ix'ars to the magnetic 
force E. It is the vector D which is rejucsentcd by Faraday’s 
lines of electric force, and which in the hydrodynamical 
analogy coiresponds to the velocity of the incompiossible fluid. 

In comparing fluid motion with electric fields it is necessary 
to introduce sources ami sinks inU> the fluid to corresjKjnd to 
the electric charges ; for D is not circuital at places where there 
is free charge. The magnetic analogy is therefore somewhat 
the simpler. 

In tite latter half of his memoir Maxwell discussed how 
Faraday’s “electrotonic state” might be reprcsseiited in mathO' 
mfttieal symbols. This problem he solved by borrowing from 
Thomson’s investigation of 1847 the vector a, which is defined 
in terms of the magnetic induction by the equation 

curl a - B ; 

if, with Maxwell, we call a the eUctrolonic inteneUy, the 
equation is equivalent to the statement that “ the entire 
eleotrotonic intensity round the boundary of any surface 
measures the number of lines of magnetic fonse which pass 
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through that surface.” The electromotive force of indnctioD tA 
the place (x, y, z) is - da/df : as Maxwell said, “ the electromotiys 
force on any element of a oondnctor is measnred 1^ ^ 
in^ntaneous rate of change of the eleotrotonic intei^fy 

thM element.” !From*this it is evident that a is no other thah 

¥ 

the vector-potential which had been employed by Neumann, 
Weber, and Kirchhoff*, in the calculation of induced currents; 
and we may*take*^ for the electrotonic intensity due to a 
current i' flowing in a circuit i' the value which results front 
Neumann’s theory, namely, 



It may, however, be remarked that the equation 

curl a = B, 

taken alone, is insufficient to determine a uniquely ; for we can 
choose a 80 as to satisfy this, and also to satisfy the equation 

div a » 1^, 

where ^ denotes any arbitrary scalar. There are, therefore, an 
infinite number of possible functions a. With the particulai 
value of a which has been adopted, we have 



= 0 ; 


so the vector-potential a which we have chosen is circuital. 

In this memoir the physical importance of the operators 
curl and div first became evidentt ; for, in addition to .those 
applications which have been mentioned, Maxwell showed that 

* Cf. p. 224. , 

t These operators hod, however, occurred frequently in the writings of Stokos^ 
especially in his memoir of 1S49 on the Theoty of JOiffraetion^ 
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he connexion between tlie eti'ength i of a current und the 
nu^etic field H, to which it gives rise, may 1» r< |»reBeutotl by 
the equation 

4iri « curl H ; 

this equation is eriuivalent to the statement that '* the entiiv 
magnetic intensity nniiul the boundary of any sui t'ace moasun's 
the quantity of electric current which pasw^s thnnigh tlnit 
surface.” 

' In the same year U856) in whi«h Maxwell's invirstigation 
was publishetl, Thomson* jmt forward an uUei native inter- 
pretation of magnetism. He had now come to the coiu lnKion, 
from a study of tlu* magnetic rotation of the plane of judarixa- 
tion of light, that magnetism jKisse.sses a rotatory character: 
and suggested that the ncultant angular momentum of th«‘ 
thermal motions of a bodyf might be taken as the measure of 
the mimetic moment. “ The explanation,” he wrote, “ of all 
phenomena of electromagnetic attraction or repulsion, or of 
electromagnetic induction, is to he looked for simply in the 
inertia qr pressure of the matter of which the motions 
oonstitttte heat. Whether this matter is or is not electricity, 
whether it is a continuous fluid interpermeating the spaces 
,,between molecular nuclei, or is itself molecularly grouped : or 
whether all matter is continuous, and molecular heterogeneous- 
ness consists in finite vortical or other relative motions of 
contiguous parts of a iMdy: it is impossible to decide,^ and, 
perhaps, in vain to speculate, in the present state of science.” 

The two interpretations of magnetism, in which the linear 
and rotatory characters respectively are attributed to it, occur 
frequently in the 8ub8e«|nent history of the subject. The 
former was amplified in 1858, when Helmholtz published his 
researches* on vortex motion ; for Helmholtz showed that if a 

♦Proc. Roy. S<x:. viii (1866), p. 150 ; xf (1861), p. 827, foot-note: Phil. Mag. 
aali (1857), p. 108; JBnltimore LeetureM^ Appendix F. , » 

t This was written shortly before the kinetic theory of gasea was davclopecl 
by Clausius and Maxwell. 

* ' J Journal fiir Math. Iv (1868), p« 26; Hellitholia*s Wiu, Ahh» i, p. 101; 
tfanalated Phil. Mag. xxxiii (1867), p. 486. 
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majjirietic field produced by electric currents is compared to the 
flow of an incompressible fluid, so that the magnetic vector is 
represented by the fluid velocity, then the electric currents 
correspond to the vortex-tilaments in the fluid. This analogy 
correlates many theorems in hydrodynamics and electricity; 
for instance, the theorem that a re-entrant vortex-filament is 
equivalent to a uniform distribution of doublets over any 
surface bounded by it, corresponds to Ampere's theorem of the 
equivalence of electric currents and magnetic shells. 

In his memoir of 1855, Maxwell had not attempted to 
construct a mechanical model of electrodynamic actions, but 
had expressed his intention of doing so. “ By a careful study,” 
he wrote,* “ of the laws of elastic solids, and of the motions of 
viscous flflids, I liope to discover a method of forming a 
mechanical conception of this electrotonic state adapted to 
general reasoning ” ; and in a foot-note he referred to the effort 
which Thomson had already made in this direction. Six years 
elapsed, however, before anything further on the subject was 
published. In the meantime, Maxwell became Professor of 
Natural Philosophy in King’s Collie, London — a position in 
which he had opportunities of personal contact with Faraday, 
whom he had long reverenced. Faraday had now concluded 
the ExpeTiinerUal BemxrcJies, and was living in retirement at 
Hampton Court ; but his thoughts frequently recurred to the 
great problem which he had brought so near to solution. It 
appears from his note-book that in 1857t he was speculating 
whether the velocity of propagation of magnetic action is of the 
same order as that of light, and whether it is affected by the 
susceptibility to induction of the bodies through which the 
action is transmitted. 

The answer to this question was furnished in 1861-2, 
when Maxwell fulfilled his promise of devising a mechanical 
conception of the electromagnetic tield.^ 

'^Mtixwvirs Sieienlijfe Papers, i, p. 1S8. 

t Bence Jones's Li/e of Faraday ii, p. 379. 

I Phil. Mag. xxi (1861), pp. 161, 281, 338; xxtii (1862), pp. 12, 85 ; 
Maxwell’s jSeient\/U Papers, i, p. 451. 
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In Uie interval «ince the publication of liis previoun ineuioir 
Maxwell had lioeoine convinced by ThoniHonV albumen Is that 
niagnetim i» in its nature roiatoiv. “The transference of 
electrolytes in fixed dire<.‘tions by the eleotiic cunenl, and the 
rotation of polarized light in fixeil directions l»y inaginaie force, 
are/' he wrote, “the facts tlu* consi<leration oi which has 
induced me to regard inagtietisin us a phenoinenon of rotati<»n, 
and electric currents as phenomena of tiunslution. ' This ctni- 
ception of magnetism he brought into cimnexion wiih Faraday s 
idea, that tuWs of force tend to conlract longiludiiially and to 
expand laterally. Such a tendency may he aitrilnilcd to 
centrifugal force, if it In* iissumed that each luU* of fon<* 
ctmtains fluid wliieh is in nUation abmit the axis t»f llu‘ tuln!. 
Accordingly Maxwell .sup|k»s(m 1 that, in any magnetic field, the 
medium whose vibrations cMUisiitute light is in rotation alxait 
the lines of nnignetic fone; twh unit tul«‘ of force may for the 
present be pictured as an isolated vortex. 

The energy of the motion per unit volume is proportional 
to /iH*, where denotes the density of the medium, and H 
denotes the linear veltKiity at the circumfenmee i*f each vorU^x. 
Hut, as we hav<‘ seen * Thomson had already shown that the 
energy' of any' magnetic field, wliethcr produceil hy magnets or 
by electric currents, is 

f wliere the integration ia taken over all space, and where ju 
1 denotes the magnetic permeability, and H the magnetic force. 
I It was therefore natural to identify the density of the medium 
I at any place with the magnetic permeability, and the circum* 
I ferential velocity of the vortices with the magnetic force. 

I. But an objection to the proposed analogy now presents 
M . itself. Since two neighbouring vortices rdtate in the same 
direction, the particles in the circnmference of one vortex must 
- movii^ in l^e opposite direction to the particles contiguous 

' i4 

, • Cf. pp. 218, 2«0. 



Maxwell. 


277 


to them in the circumference of the adjacent vortex; and it 
seems, cherefore, as if the motion would be discontinuous. 
Maxwell escaped from this difficulty by imitating a well-known 
meciianicul arrangement. When it isxlesired that two wheels 
should revolve in the same sense, an ‘‘ idle ** wheel is inserted 
between them so as to be in gear with both. The model of the 
electromagnetic fiehl to which Maxwell arrived by the intro- 
duction of this device greatly resembles that proposed by 
Bernoulli in 1736.* He v^upposed a layer of particles, acting as 
idle wheels, to be interposed between each vortex and the next, 
and to roll without sliding on the vortices ; so that each vortex 
t4Mids to make the neiglibouring vortices revolve in the same 
dir(‘etion as itself. The particles were supposed to be not other- 
wise constrained, so that the velocity of the centre of any 
particle would be the mean of the circumferential vehxjities of 
the vortices between which it is placed. This condition yields 
(in suitable units) the analytical eejuation 

47ri = curl H, 

wliere the vector i denotes the flux of the particles, so that ite 
.r-component denotes the quantity of particles transferred 
in unit time across unit area perpendicular to the .r-directiom 
Oil comparing thisecpiation with that which represents Oersted’s 
discovery, it is seen that the flux i of the movable particles 
interposed between neighl)ouring vortices is the analogue of 
the electric current. 

It will be noticed that in Maxwell’s model the relation 
between electric current and magnetic force is secured by a 
connexion which is not of a dynamical, but of a purely kine- 
matioal character. The above equation simply expresses the 
existence of certain non-holononiic constraints within the 
system. 

If from any cause the rotatory velocity of some of the 
cellular vortices is altered, the disturbance will be propagated ; 
from that part of the model to all other pdrts, by the mutual 

• Of. p. 100 . 
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action of the imrticles and vortices. This aetion is dotcrniiiicd, 

Maxwell showed, by the relation 

^R = - curl E 

which connects E. the force exerted on a unit ■|uantity <if 
particles at any jdace in constxiuence of the tan};ciilial aclion 
of the vortices, with H. tlie rat«“ of cluuij'e of \el"ciiy of the 
neigh lx>uri no vortices. It will be observed that tliis equation 
is not kineinatical but dynuiuicnl. Ou eoiupariiig it with the 
electromagnet ic e< luatious 

I curl a - 

( Induced ele«’troiuotivi‘ force - ■ a, 
it is seen that E must be intet preted elect rom.r.'iietically as the 
induced ehH‘tromoiive foice. Thus the motion of tlie particles 
Cemstitutes an electric current, the tangential force with which 
they are pressed hy the matter of the vorlex-etdls (‘onslitutes 
electromotive force, and the pre.sstirc of the parlirdes on each 
other may t)e token to correspond to the tension or potential of 
the electricity. 

The mechanism must next l)e extended so as to take account 
of Ae phenomena of electrostatics. For this puri)ose Maxwell 
assumed that the particles, when they are displaced from their 
equilibrium position in any direction, exert a tangential action 
on the elastic substance of the cells; and that thia gives rise 
to a distortion of the ceils, which in turn calls into play a 
force arising from their elasticity, er|ual and opposite to the 
force which urges the particles away from the equilibrium 
porition. When the exciting force is removed, the cells recover 
' thedr form, and the electricity returns to its foritior iHisitiuh. 
The state of the medium, in w’hich the electric {xirticles are 
displaced in a definite direction, is assumed to represent an 
electrostatic field. >Snch a ilisplaccment daps not itself con- 
stitute a current, because when it has attained a certain value 
it tenudns constant; but the variations of displacement are to 
be regarded as enri-ents, in the positive or negative direction 
according as the displacement i^ increasing or diminishing. 
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'J'he conception of the electrostatic state as a displacement 
of B(»mething from its equilibrium position was not altogether 
new, although it had not been previously presented in this 
form. Thomson, aB«we have seen, had compared electric force 
to the displacement in an elastic solid ; and Faraday, who had 
likfMied the particles of a pcmderable dielectric to small con- 
ductors embedded in an insulating medium,* had supposed that 
wh(*u the dielectric is subjected to an electrostatic field, there 
is a displacement of electric charge on each of the small 
coinluctors. The motion of these charges, when the field is 
varied, is equivalent to an electric current ; and it was from 
this precedent that Maxwell derived the principle, which became 
(3f cardinal importance in his theory, that variations of displace- 
iiuuit are to be counted as currents. But in adopting the 
idea, he altogether transformed it ; for Faraday^s conception of 
displacement was aiiplieable only to ponderable dielectrics, and 
was in fact introduced solely in order to explain why the 
specific inductive capacity of such dielectrics is different from 
that of free aether; whereas according to Maxwell there ia 
displacement wherever there is electric force, whether material ^ 
bodies are present or hot. 

The difference between the conceptions of Faraday and 
Maxwell in this respect may be illustrated by an analogy 
drawn from the theory of magnetism. When a piece of iron 
is placed in a magnetic field, there is induced in it a magnetic 
distribution, say of intensity I; this induced magnetization 
exists only within the iron, being zero in the free aether 
outside. The vector I may be compared to the polarization 
or displacement, which according to Faraday is induced in 
dielectrics by an electric field; and the electric current con- 
stituted by the variation of this polarization is then analogous 
to 01/0^. But the entity which was called by Maxwell the 
electric displacement in the dielectric is analogous not to I, 
but to the magnetic induction B: the Maxwellian displaoe^^^r 
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ment<ourrent corresponds to dB/dt, and may tliorcfoi’e have a 
value different from zero even in free aotheiv 

It may Iw remarked in passing that the term /inji/arfmrnt , 
which was tlius intixxluceil. and wlucii has been letaintHl in 
the later development of the theory, is porhajMi not well oho8t*n ; 
what in the early hkkIpIs of the aether was ix'pre-'ented sis an 
actual displacement, has in taU*r investigations Ihm n tarticeivoil 
of as a change of strueture rather than of position in the 
elements of the aether. t 

Maxwell supixised the elect ronn)tive force acting on the 
electric jjarticles to be connwtetl with the dLsplacement D 
which acconipanie.s it, by an etj nation of the form 

- ^ E, 

direr ’ 

where C| denotes a constant whicdi depends on the elastic 
properties of the cells. The displacement-current 1) must now 
he inserted in the relation which connects the current with 
tile magnetic force ; and Uius we obtain the etptation 

curl H » 4irS, 

where the vector 8, whicli is (sailed the total eurreni, is the 
stun of the convection-current i and the displacement-current 
i. By performing the oi>eration div on Imtli sides of this 
equation, it is seen that the total current is a circuital vector. 
In the model, the total current is rupiesented by the total 
motion of the ndling particles ; and this is conditioned by the 
rotations of the vortices in such a way as to impose the 
kinematic relation 

div 8-0, 

Ha\*ing obtained the equations of moti()n of his i^steiu 
of vorti<5e8 and particles, Maxwell proceeded to determine the 
rate of propagation of disturl^ances through if. Ho considered 
in particular the oaae in which the substance represented is a 
dielectric, so tiiat the conduction-current is zero. If, moreover, 
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the constant /i be supposed to have the value unity, the 
equations may be written * 


m 


f div H = 0, 
] curl H - E, 


\ - curl E = H. 

Eliiainating E, we see* that H satisfies the equations 
(div H * 0, 


But these are precisely the equations which the light-vector 
satisfies in a medium in which the velocity of propagation is Ci : 
it ff)llow8 that disturbances are propagated througli the model 
by waves which are similar to waves of light, the magnetic 
(and similarly the electric) vector being in the wave-front. 
For a plane-polarized wave propagate<l parallel to the axis of z, 
the equations reduce to 


,dl£s d£u dEy dH^ 

whence we have 

*• -Ajr, C\Hx i 


a? " 


these equations show that the electric and magnetic vectors are 
at right angles to each other. 

The question now arises as to the magnitude of the constant 
Ci.f Tills may be determined by comparing ditlerent expressions 
for the eneigy of an electrostatic held. The work done by an 
electromotive force E in producing a displacement D is 


r® 

I E . dD or iED 
Jo 

per unit volume, since E is proportional to E. But if it be 
assumed that the energy of an electrostatic held is resident in 
the dielectric, the amount of eiieigy per unit volume may be 


* For if a denote an,' vector, we have identicollv 

-h grad div a 't curl curl a = 0. 

t For oriUcitms on the procedure by which Maxw^ell determined the velocity oC 
propagation of diaturbance, c£. P. Duhem, jLv« dt /. Oivth 

Musmlli Paris, 1902. 
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calculated by considering the mechanical furw re<|uirod in 
. order to increase the diatanct^ between the plales ot a condefmei , 
so as to enlarge the field comprised U'tween them. The result 
is that the eneigy per unit volume of the dielectr# is 
where i denotes the specific inductive capiicity of ttio ilieloctru 
and E' denotes the ehvtric force, measured in t'U Jiis of the 
electrosUtic unit: if E denotes the electric have <’X]»reased in 
terms of the eh'ctrodynamic iinius usetl in Mu* present invt» 8 ti- 
gation, we have £ « rE', whei'o r «lef4otcs tht‘ constant wliieh* 
occurs in transformations of this kiiuL The eneigy is therefon* 
^E^ASttc^ |xn* unit volume. ( 'om|>ariu|4 this with the e.\im‘S,siou 
for the energy in terms <»f E ami D. we have 

D €JI^I4nr\ 

and therefon? the cinistant has the value rtK Thus the 
result is obtained that tin* velocity of propagatit)n t)f dis- 
turbaucCK in Maxwells iiuHliiim is rt whei(‘ e ileiiotes tlu^ 
s[)ecific inductive ea[»aeiiy am! r denotes the vel<K*ily for which 
Kohlrauseh andMVlKU'had ftumdt tin* value *11 x It)’*’ (‘in./sec. 

Now hy this time the vel(H;ity of light was kmiwu, not only 
from the astronomical ohsm vations of aherration and of.liipiler's 
satclliUjs, but also by direct U^rrestrial ex|H*riment,s. In liS40 
Hip[>olyte haiis Fixean* had deterniined it hy rotating a 
toothed wheel so rapi<lly that a iKnim of light transmitted 
through the gap U*tween Lwi» teeth and lellected haitk from a 
mirror wiis eclipst^d hy one of the Usrth on its return journey. 
The velocity of light was euleulatcd from the dimensions ami 
angular vekxiity of the wheel and the distance of the mirror ; 
the result being x 10*’' cm./scxi.g 

♦ Cf.j>p. 227, 250. r Of. p. 260. 

t Oomptot Eendiif, xxix (1S49), p. 00. A determination m«de by Cornu in 
1S74 wee on ibie principle. 

f A different expmmenul method wee employed in *1862 by I^don Fottotolt 
\ lOomptee Bendut, Ir, pp. 501, 702), in thin e my from ap origin 0 woe redeoted 
by a retolvitig mirror if to a fixed mirror, and to reflect^ baek to M, and agaift 
0. It is evident that the returning my MO muet be deviated by twloe tim 
:fiiigtetlif6ug]| wbteh if tonw while the light paaice km M to the fixed minor 
and biolu The value tbue obtained bv Foucault lor the velocity oC lithi waa 



I>y I fie tjlofie agrecftnent between the el^triC IlfOT 
vrl(M*ity of light*; and having demonstrated that the propaga* 
lion of electric distmhance resembles that of light, he did not 
hcMiaUi U) assert the identity of tfio two phenomena. “We 
can scarcely avoid the infcience,” lie said, “ that light consists 
in the transverse iindulations of the same medium which is the 
can'll* of electric and magnetic phenmnena.'* Thus was answered 
the rpiestion wliif'h Priestley had asked almost exactly a hundred 
yeais before ;t “Is there any electric iUiid .s//i f/nirrin at all, 
ilistinct from the a(‘tliei ' ” 

Tlie presenci* of tfie dicdectric c(mstant e in the expression 
rt'K wbieb ^Iax>^ell had obtained for tie* velocity of propaga- 
ti<ni of electromagnetic disturbances, suggeste«l a further test 
of the identity of these disturbances with light: fur the velocity 
of light in a medium is kiniwn to he inveisely proportional to 
the refractive index of the inedinm, and theief(»re the refractive 
ind(‘X should l>e, accoi<ling to the theory, piopoitional to the 
square root of the s])eciHc inductive capacity. At the time, 
however, Maxwell did n(»t examine whetlier this relation 
was confiviiKHl by expeiinnuit. 

In what has piecede<l, llie magnetic permeability has been 
supposed to have the value unity. If this is not the ease, the 

2*U8 X 10’® 1 111 . 'see. SubveqiH’nt detenninations by MicheUen in 1870 (Aht. 
ruppM of the Amor. EphonuTif, i), and by Xewcouib in If'S'i {tbtd.f ii) depended 
on the same piineiplo. 

As was sbow'n iiftcrwardv by Loid Rnyloi^h (Nature, xxiv, p. 3^2, xxv, p. «V2) 
and by Gibbs (Nature, xxxiii. p. aSi), the value obtaiiicil for the velooity of light 
by the methods of Fizeau and Foucault leprosenla the yroap-rofooitv, not ihe ifaro- 
wfoettffi the eclipses of JupiteFs satelhtos also give the group- velooity, while the 
value deduced from the coeffiiient of abei ration is the wave- velocity. In a non- 
dispenive medium, the gioiip- velocity coincides with the wave- velocity ; and the 
agreement of the values of the velocity of bgbt obtained by the two astronmiueal 
methods seems to negative the possibility of any appreciable dispersion in het 
aether. * 

The velocity of ligh^in dispersive media was directly investigated by lOcheboft 
* in 1883-4, with results in accoi dance with theory. 

* He hed ** worked out the formulae in the country, before seeing Weber'a 
result.’* CV. Campbell and Garnett’s Lift ^ JfaWr/f, p. 244. 

f Priestley’s Hitfery, p. 488. 
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velocity of propagation of disturbance may IkJ shown, by the 
same analysis, to be ; so that it is dinlinished whon /i is 
greater than unity, i,e., in paramagnetic bodies. This inference 
had been anticipated by Faraday : “ Nor is it likely,” he wrote,* 
** that the paramagnetic body oxygen can exist in the air and 
not retard the transmission of tlie magnetism.” 

It was inevitable that a theory so novel and so capacious as 
that of Maxwell should involve conceptions which his contempo- 
raries undei-stood with diRicult 3 ' and necepted with reluctance. 
Of these the most diftieult and unacceptable was the principle 
that the total current is always a circuital vector; or, as it is 
generally expressed, that ‘‘all currents are closed.” According 
to the older electricians, a current which is employed in charging 
a condenser is not clased, but terminates at the coatings of the 
* condenser, where charges are accumulating. Maxwell, on the 
other hand, taught that the dielectric between the coatings 
is the seat of a process — the difiplaoment-cnrrenf — wliieh is 
proportional to the rate of increase of the electric force in tlie 
dielectric ; and that this process produces the same magnetic 
effects as a true current, aiul forms, so to speak, a continuation, 
through tlie dielectric, of tlie charging current, so that the 
latter may Ik^ regarded as flowing in a closed ciremit. 

. Another chamcteri.slic feature of MaxwelKs theory is the 
conception — for which, as we liave seen, he was largely indebted 
to Faraday and Tliumson — that magnetic energy is the kinetic 
•energy of a medium (xjcupying the whole of space, and that 
electric eneigj^ is the energy of strain of the same medium. 
By this conception electromagnetic theory was brought into 
such close parallelism with tlie elastic-solid theories of the 
aether, that it was bound to issue in an electromagnetic theory 
of light. 

Maxwell’s views were presented in a more developed form 
in a memoir entitled “A. Dynamical Theory of the Electro- 
magnetic Field,” which wa^ i-ead to the Royal Society in 1864;f . 

• Faniday^s laboratory note-book for IS57 : *;f. Bonce Jones's Lift of Farodaff^ 
ii,p.S80. 

t Phil Trans, civ (1865), p. 459; MaxweU's BeitnU Foporo, i, p. 526 
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in this the architecture of his system was displayed^ stripped of 
the scaffolding by aid of which it had been first erected. 

As the equations employed were for the most part the same 
as had been set for^h in the previous investigation, they need 
only be briefly recapitulated. The magnetic induction /iH, being 
a circuital vector, may be expressed in terms of a vector-jxjtential 
A by the e(iuation 

/iH = curl A. 

The electric displacement D is connected with the volume- 
density p of free electric charge by the electrostatic equation 

div B ^ fj. 

The principle of conservation of electricity yields the equation 
div 1 = - 

where i denotes the conduction-current. 

The law of induction of currents — namely, that the total 
electromotive force in any circuit is proportional to the rate of 
decrease of the number of lines of magnetic induction which 
pass through it — may be written 

- curl £ = ; 

from which it follows that the electric force E must be expressible 
in the form 

E = - A + grad 

where ip denotes some scalar function. The quantities A and 
which occur in this equation are not as yet completely deter- ^ 
minate ; for the equation by which A is defined in terms of the 
magnetic induction specifies only the circuital part of A ; and as 
the irrotational part of A is thus indeterminate, it is evident 
that }p also must be indeterminate. Maxwell decided the matter 
by assuming* A to be a circuital vector ; thus 
• div A » 0, 

and therefore ^ div E 

' « 

« This ia the effect of the introduction of (F", 6^, if*} in § 9S of the memoir; 
of. also Maxwell's Treaim oh £/eftrieify afi4 ^ 616. 
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from which equation it is evident that yf, repioheuts the electro- 
static potential 

The principle which is peculiar to Maxwell’s theory must 
now be introduced. Currents of conduction are not the only 
kind of currents ; even in the older theory of Faraday, Thomson, 
and Mossotti, it had been assumed that electric charges 
are set in motion in the particles of a dielectric wlien the^ 
dielectric is subjecteil to an electric field ; and the prede- 
cessors of Maxwell would not have^refused to admit that the 
motion of these chaiges is in some sense a curi'ent. Suppose, 
tlien, that S denotes the total current which is capable of 
generating a magnetic field : since the integral of the magnetic 
force raund any curve is proportional to the electric current 
which flows through the gaj) enclosed by the curve, we have in 
suitable units 

curl H 4irS. 

In order to determine S, wc may consider the case of a con- 
denser whose coatings are supplied with electricity by a 
conduction-current i j>er unit-area of coating. If ± cr denote 
the surface-density of electric charge on tlie coatings, we have 

i = dajvty and a - D, 

where 2> denotes tlic magnitude of tfie electric displacement D 
in the dielectric lietweeii the cojitings ; so i « D. But since the 
total current is to l>e circuital, its value in the dielectric fliust 
be the same as tlie value i which it has in the rest of the 
circuit; that is, the current in the dielectric has the value D. 
We shall a.ssume that the current in diekictrics always has this 
value, BO that in the general ecpiations the total current must 
be understood to he i + D. 

The above equations, together with thosp which express the 
proportionality of E to D in insulators, and to i in»conductors, 
constituted Maxwell’s system for a fleld formed by isotropip 
bodies which are not in motion. When the magnetic fleld is . 
due entirely to currents (including both conduction-currents 
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and displacement-currents), so that there is no magnetization, 
we have • 

V*A = - curl curl A = ~ curl H 

• « — 47r8, 

80 that the vector-potential is connected with the total current 
by an equation of the same form as that which connects the 
scalar potential with the density of electric charge. To these 
potentials Maxwell inclined to attribute a physical significance; 
he supposed \P to be anSLlogous to a pressure subsisting in the 
mass of particles in his model, and A to be the measure of 
the electrotonic state. The two functions are, however, of 
merely analytical interest, and do not correspond to physical 
entities. For let two oppositely-charged conductors, placed 
close to each other, give rise to an electrostatic field throughout 
all space. In such a field the vector-potential A is everywhere 
zero, while the scalar potential has a definite value at every 
point. Now let these conductors discharge each other; the 
electrostatic force at any point of space remains unchanged 
until the point in question is reached by a wave of disturbance, 
which is propagated outwards from the conductors with the 
velocity of light, and which annihilates the field as it passes 
over it. But this order of events is not reflected in the 
behaviour of Maxwell s functions xf^ and A ; for at the instant 
of discharge, is everywhere annihilated, and A suddenly 
acquires a finite value throughout all space. 

As the potentials do not possess any physical significance, 
it is desirable to remove them from the equations. This was 
afterwards done by Maxwell himself, who* in 1868 proposed 
to base the electromagnetic theory of light solely on the 
equations 

curl H = 47rS, 

~ curl E * B, 

together with thrf equations which define S in terms of E, and B 
in terms of H. \ ♦ 

* Phil. Trana. clviii (IS68), p. 643 : Maxwell's Scient. Papent^ ii, p« 125. 
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The memoir of 1864 containe<i an extension of the equations 
to the case of hodm in motion; the cons'ideration of which 
naturally revives the question as to whetiier the aether is in 
any d«^|;ree carried along with a body whi^h moves through it. 
Maxwell did not formulate any express doctrine on this subject ; 
but his custom was to treat matter as if it were merely a 
modiScation of the aetlier, distinguished only by altered 
values of such constants as the magnetic i^ormeability and 
the specific inductive capacity ; so . tliat his theory may be 
said to involve the assumption that matter and aether move 
together. In deriving the equations which are applicable to 
moving bodies, he made use of Faraday’s principle that the 
electromotive force induced in a bixly depends only on the 
relative motion of the body and the lines of magnetic force, 
whether one or the other is in motion ahsolutely. From this 
principle it may be inferred that the eciuation which determines 
the electric force* in terms of the potentials, in the case of a 
body which is moving with velocity w, is 
E = [w . fiH] - A f glad 

Maxwell thought that tlie scalar quantity in this equation 
represented the electrostatic potential; hut the researches of 
other investigatorsf have indicated that it represents the sum 
of the electrostatic potential and the (piantity (A . w). 

The electromagnetic theory of light was moreover extended 
in this memoir so as to account for the optical properties of 
crystals. For this purpose Maxwell assumed that in crystals 
the values of the coefficients of electric and magnetic induction 
depend on direction, so that the equation 
fiE = curl A 

is replaced by 

“ curl A; 

* It may be here remarked that later writcre have dietinguJihed between the 
eleetric force in a moving body and the electric force in the aether thtbugh which 
the body ia moving, and that E-in the present equation conesponds to the former 
of thece vectors, t 

t Helmholts, Joarn. Ifiir Ifath., Ixxriii (1874), p. 809; H. W, Watson, Phil, 
Mag. (5), xxr (1888), p. 271. 
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and similarly the equation 
is replaced by 

47r 

The other equations are the same as in isotropic media; so that 
the propagation of disturbance is readily seen to depend on the 
equation 

(aii//x, /ijify, ;4 s J?s) = - curl (6|2(curl/r),, Cs* (curl iSTjy, C 3 *(curlJy)s}. 

Now, if ^Ji^ are supposed equal to each other, this 

equation is the same as the equation of motion of MacCullagh*s 
aether in crystalline media,* the magnetic force H corresponding 
to MacCulIagh’s elastic displacement ; and we may therefore 
immediately infer that Maxwell’s electromagnetic equations 
yield a satisfactory theory of the propagation of light in 
crystals, provided it is assumed that the magnetic permeability 
is (for optical purposes) the same in all directions, and pro- 
vided the plane of polarization is identified with the plane 
which contains the magnetic vector. It is readily shown that 
the direction of the ray is at right angles to the magnetic 
vector and the electric force, and that the wave-front is the 
plane of the magnetic vector and the electric displacementf 
After this Maxwell proceeded to investigate the propagation 
of light in metals. The difference between metals and dielectrics, 
so far as electricity is concerned, is that the former are con- 
ductors ; and it was therefore natural to seek the cause of the 
optical properties of metals in their ohmic conductivity. This 
idea at once suggested a physical reason for the opacity of 
metals — namely, that within a metal the energy of the light 
vibrations is converted into Joulian heat in the same way as 
the energy of ordinary electric currents. 

* Of. pp. 154 et sqq. 

f In the memoir of lb64 Mfixwtfll left open the choice between the above theory 
and that which is obtained by assuming that in crystals the specific inductive 
rapacity is (for optical purposes) the same in ail directions, while the magnetic 
permeability is aeolotropic. In the latter .case the plane t>f polarisation must be 
identified with the plane which contains the electric displacement. ]!7ine years 
later, in his TVfatise (§ 794), Maxwell definitely adopted the former alternative^ 

U 
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V., /Xhe;:^uations of the elwtromagnetio field in thi‘ metal may 
..be' wiittfm. * ' , * ' 

CHrlH-4w8, . 

- curl B ■» ]iL ' 

where ic denotes the ohmic conductivity ; whence itf.is seen that 
the electric force satisfies the equation 

fE + 4irKc;'E «c*V*B. 

♦ 

This is of the same form as the corresponding equation in 
the elastic-solid theory* ; and, like it. furnishes a satisfactory 
general explanation of metallic retlexioa. It is indeed correct 
in all details, so long as the period cf the disturbance is m»t U>o 
short — i«e.. so long the light-waves considered belong to the 
extreme infra-red region of the spectrum ; hut if we attempt to 
apply the theory to the case of onlinary light, we are confronttnl 
by the difficulty whicli I^ord liayleigh indicated in the elastic- 
solid theory, t and whicli attends all attempts to explain the 
peculiar properties of metals by inserting a viscous term in 
the er|uation. The difficulty is that, in ordtu- to account for the 
properties of ideal silver, we must suppose the coefficient of 
S negative — that is, the dielectric constant of the metal must 
be negative, which would imply instability of electrical 
equilibrium in the metal. Tlie problem, as we have already 
remarked, J was solved only when its relation to the theory of 
dispersion was rightly understood. 

At this time important developments were in progress in 
the last-named subject. Since the time of Fresnel, theories of 
dispersion had proceeded§ from the assumption that the radii 
of action of the particles of luminiferous media are so large 
as to be comparable with the wave-length of light. It was 
generally supposed that the aether is loaded' by the molecules 

♦ Cf. p. 180. 

t Of. p. 181. Cr. tfiso Rayleigh, i’hil. Mag. (6) zii (1881), p. 81, and 
.H. A. Lorenta, (her de Theorie de Tentgkaedeing^ Arnhem, 1870. 

JCI. p. 181. . }Cf. p. 182. 
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of ponderable 'matter, and that the amount of dispersion ' 
depends on the mtio of the wave-leiijgth to the distanee^^ 
between adjacent molecules. This hypothesis was, however, /; 
seen to be inadequate, when, in 1862, F. P. Leroux* found th^ 
a prism filled with the vapour of iodine refracted the red rays 
^to a greater degree than the blue rays; for in all theories 
which depend on the assumption of a coarse-grained lumini- 
ferous mediu9i,the refractive index increases with the frequency 
of the light. 

Leroux’s phenomenon, to which the name anomalous dis- 
persion was given, was shown by later investigatorsf to be 
generally associated with “ surface-colour/* i.e., the property of 
brilliantly reflecting incident light of some particular frequency. 
Such an association seemed to indicate that the dispersive 
property of a substance is intimately connected with a certain 
frequency of vibration which is peculiar to that substance, and 
which, when it happens to fall within the limits of the visible 
spectrum, is apparent in the surface-colour. This idea of a 
frequency of vibration peculiar to each kind of ponderable 
matter is found in the writings of Stokes as far back as the 
year 1852 when, discussing fluorescence, he remarked: — 

“ Nothing seems more natural than to suppose that the incident 
vibrations of the luminiferous aether produce vibratory move- 
ments among the ultimate molecules of sensitive substances, 
and that the molecules in turn, swinging on their own account, 
produce vibrations in the luminiferous aether, and thus cause 
the sensation of light. The periodic times of these vibrations 
depend on the periods in which the molecules are disposed to 
swing, not upon tlie periodic time of the incident vibrations.” 

The principle here introduced, of considering the molecules 
as dynamical systems which possess natural free periods, and 
whioh interact with the incident vibrations, lies at the basis of 

* Comptes Rendus, U (1862), p. 126. In 1870 C. Christiansen (Ann. d. Phys. 
oxli, p. 479 ; oxliii, p. 250} observed a similar effect in a solution of fuohsin. 

t Especially by Kundt, in a series of papers in the .Innalen d. Phys., from 
T(d. cxlii (1871) onwards. 

{ Phil. Trans., 1852, p. 463. Stokes's Cb//. iii., p. 267. 
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all modem theories of dispersion. The earlit^t of thene was 
devised by Maxwell, who, in the Cambridge Muthcniatical Tripos 
for 1869 • published the i-esults of the following invi sligation ; — 
A model of a dispersive medium may be constituted by 
/ embedding systems wliich represent the atoms of })onderablo 
matter in a medium which represents the aether. We may 
picture each atomf as composed of a single massive particle 
"supported symmetrically by springs from the m^rior face of 
a massless 8|>herieal shell : if the shell be fixed, the particle 
will be capable of executing vibrations about the centre of the 
sphere^ the effect of the springs being equivalent to a force on 
"^the particle proix)rtionul to its distance from the centre. The 
atoms thus constituted may be snpiwscnl to occupy small 
spherical cavities in the aether, the outer shell of iNU:h atom 
liciug in contact with the aether at all points and |)artaking 
of its motion. An iiiuneuse number of atoms is supposed to 
exist in etich unit volume of the tIisjKMsive mediiun, so tliat 
the medium as a wliole is fine-graiiUMl, 

SupiK)se tliat the potential energy of strain of free aether 
per unit volume is 

where n denotes the ilisplacenieut and B an elastic constant ; 
so that tlic Cipiaiioii of wavc'propagation in free aether is 

where p denotes the acthereal density. 

Then if <r denote the mass of the atomic particles in unit 
volume, (i| + Z,) the total displacement of an atomic particle at 
the place a; at time f, and <tj)% the attractive force, it is evident 
that for the compound medium the kinetic energy per unit 
volume is 


i'’U7 W 


U i ’ 


« Camtridgtt Calendar, 1869 ; repubbshed by Lord Rayleigb, Pbi). Mag. xlviii 
; (1899), p. 161. t Thii illustration is due to W. Thomson. 



MaxwelL 


293 


and the potential energy per unit volume Ls 


Idle equations of motion, derived by the process usual in 
dynamics, are 



Consider the propagation, through the medium thus constituted, 
of vibrations whose frequency is n, and whose velocity of pro- 
pagation in the medium is v\ so that ti and ^ are harmonic 
functions of - x/v). Substituting these values in the 
differential equations, we obtain 


1 = f + "y' 


Now, pjE has the value 1/r, where c denotes the .velocity of 
light in free aether; and e/v is the refractive index fi of the 
medium for vibrations of frequency So the ei[uatioii, which 
may be written 


r = 1 + 


(r?r 


f> ip"" 


determines the refiactive index of the substance for vibrations 
of any frequency n. The same formula was independently 
obtained from similar considerations three years later by 
W. Sellmeier • 

If the oscillations are very slow, the incident light being in 
the extreme infra-red part of the spectrum, n is small, and the 
ectuation gives approximately fi^ ^ (p + ^)fp : for such oscilla- 
tions, each atomic particle and its shell move together as a 
rigid body, so thaj) the effect is the same as if the aether were 
simply loaded by the masses of the atojiiic particles, its rigidity 
remaining unaltered. 

♦ Ann. d. Phys. nxlv (1872), pp. 399, 620 : cxWii (1872), pp. 886, 625. 
Of, «]«o Helmholts, Ann. d. Phys. cliv (1875), p. 682. 
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. Ibe dU^tsion of light within the limite of the vMUe 
ifj^trum is for most enbstanoes controfied b; n niitunl 
'^Ir^enqr j» which coneeponds to a vibration beyond Idte violet 
end of the visible speotnun : so that* » })ping swiAllftr tiian p,' 
we may expand the fraction in the formula of dii^ersion. and 
obtain the equation 


1 + 




;>» p* 



which resembles the formula of dispersion in Cauchy s theorj * ; 
indeed, we may say that Cauchy's formula is the expansion of 
Maxwell's formula in a series which, as it converges only when 
n has values within a limited range, fails to represent the 
phenomena outside that rangt>. 

The theory as given above is <lefective in that it becomes 
meaningless when the frequency n of the incident light is 
equal to the fre<iueney p of the free vibrations of the atoms. 
This defect may \>e remedied by supposing that the motion of 
an atomic particle relative to tlie shell in which it is contained 
is opposed by a dissipative force varying as the i-clative 
velocity; such a force siiilices to prevent the forced vibration 
from becoming indefinitely great as the period of the incident 
light approaches the period of free vibration of the atoms; its 
introduction is justiliefl by the fact that vibrations in this 
part of the spectrum suffer absorption in passing through the 
medium. When the incident vibration is not in the same 
region of the spectrum as tlie free vibration, the absorption is 
not of much importance, and may be neglected. 

It is shown by the spectroscope tliat the atomic systems 
which emit and absorb radiation in actual bodies possess more 
than one distinct free period. The theory already given may, 
however, readily be extendedf to the case in which the atoms 
have several natural frequencies of vibration ; we have only to 
suppose that the external massless rigid sh^ll is connected by 
springs to an interior massive rigid shell, and that this again 


♦ Cf. p. 183. 

t This fubject was fieveloped bjr Lord Kelrin in the BaH%mw$ LettUwei, 
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u connected by springs to another massive shell inside i^ «f4' 
so on. • The corresponding extension o£. the equation for (he 
refractive index is 


« 1 Cl 

' A* ^ ° « %- zi + •••> 

Pi -n Pt - w 

where pi, pt,... denote the frequencies of the natural periods 
of vibration of the atom. 

The validity of the Maxwell-Sellmeier formula of disper- 
sion was strikingly con^rmed by experimental researches in 
the closing years of tho nineteenth century. In 1897 Bubens* 
showed that the formula represents closely the refractive 
indices of sylvin (potassium chloride) and rock-salt, with 
respect to light and radiant heat of wave-lengths between 
4,240 AU. and 223,000 A.U. The constants in the formula 
being known from this comparison, it was possible to predict 
the dispersion for radiations of still lower frequency ; and it 
was found that the sriuare of the refractive index should have 
a negative value (indicating complete reflexion) for wave- 
lengths 370,000 AU. to hoO.OOO A.U. in the case of rock-salt, 
and for wave-lengths 450,000 ,to 670,000 A.U. in the case of 
sylvin. This inference was verifled experimentally in the 
following year.f 

It may seem strange that Maxwell, having successfully 
employed his electromagnetic theory to explain the propagation 
of light in isotropic media, in crystals, and in metals, should 
have omitted to apply it to the problem of reflexion and refrac- 
tion. This is all the more surprising, as the study of the optics 
of crystals had already revealed a close analogy between the 
electronu^netic theory and MacCullagh's elastic-solid theory; 
and in order to explain reflexion and refraction electro- 
magnetically, nothing more was necessary than to ti'anscribe 
MacCullagh’s in\estigation of the same problem, interpreting e 
(the time-flux of the displacement of MacCullagh’s aether) as 
the magnetic force, and curl e jis the electric displacement. As 

• Ann. d. Phys. lx (1897), p. 4M. 

t Riibena and Asohkinau, Ann. d. Phys. Ixiv (1898). 
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in MaoCulIagh’s theory the diflerenw lietwcon the contignous 
media is reprewntwi hy a dilVeivnce of their olastie <;o«iHtAnl8, 
so in the electromagnetic this>ry it may 1 m> repi ewnUjd hy a 
difference in their specific indtustive ca]HrciJ:ie8. a letter 

which Maxwell wi-ote to Stokes in 18(i4, and wliich has been 
preserved,* it apinjara that the problem of itdlexii'ii and refrac- 
tion was engaging Maxwell’s attention at the tinii' when ho was 
preparing his lioyal Stxaety memoir on the electnanagnetif) 
fieltl; but he was not able to satisfy himself ri*garding the 
conditions which sliould be sat'istieil at the interface Iwtween 
the media. He seems to have lavn in «loiibt which of the rival 
elastic-solid theories to take iis a iwttern ; and it is not unlikely 
that he was led astray hy relying tot> much on the analogy 
between the electric displacement and an elastic <li.splaccmcnt.t 
for in the eiastic-solid the<»ry all three comixments of the dis- 
plaoement must be continuous across the interface between two 
oont%uou8 media ; but Maxwell found that it was imjMtesihle to 
explain reflexion and refraction if all three components of the* 
^ectrio displacement were 8U]>pose<l to Ije continuous across the 
interface ; and, unwilling to give up the anah^ which had 
hitherto guided him aright, yet unaide to disprove* thoGreenian 
conditions at hounding surface, he seems to have laid aside the 
problem until some new light should dawn upon it. 

This w'as nut the only ditliculty which beset the electro- 
nu^etic theory. The theoretical conclusion, that the s]iecific 
inductive ca]iacity of a medium should lie ecpial t«» the srpiare of 
its refractive index with respect U) waves of lung i>eri(xl, was 
not as yet suhstantiaUsl hy exjMiriment; and the theory of 
displaceracnt-cuiTents, on which everything else de]H;ndcd, was 

• Stf>ke«*t /Snfn<t/tc ii, pp, 25, 26. 

t It iiiufft b« rentetnb«!rf*d that Maxwell pirtiirctl the electric diepiaeemoiit ax a 
teed diffplaceoient of a tnedium. ** My theory of electrical force#,** be wrote, ** ia 
that they are called into play in insulating media by slight* electric displacements, 
which put certain small |iortions of the medium into a state of distortion, which, 
being reeisted by the elasticity of the medium, produces an electromotive force.** 
Campbell and OameU*s life of Maxwell, ' p, 244. 

i The letter to Stokes already mentioned appears to indicate that Maxwell for 
^ a time doubted the correctness of Green's conditions. 
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unfavourably received by the most distinguished of Maxwell’s 
contemporaries. Helmholtz indeed ultimately accepted it, but 
only after many years ; and W. Thomson (Kelvin) seems never 
to liave thoroughly believed it to the end of his long life. In 
18.S8 he referred to it as a “curious and ingenious, but not 
wholly tenable hypothesis,”* and proposedf to replace it by an 
extension of the older potential theories. In 1896 he had some 
inclination? to speculate that alterations of electrostatic force 
due to rapidly-changing glectrification are propagated by con- ' 
dcnsational waves in the luminiferous aether. In 1904 he 
admitted^ that a bar-magnet rotating about an axis at right 
angles to its length is equivalent to a lamp emitting light of 
period equal to the period of the rotation, but gave his final 
judgment in the sentenceil : — “Tlu? so-called electromagnetic 
theory of light has not helped u.s hitherto.” 

Thomson appears to have based his ideas of the propagation 
of electric disturbance on the case which had first become 
familiar to him — that of the transmission of signals along a 
wire. He clung to the older view that in such a disturbance 
the wire is the actual medium of transmission ; whereas in 
Maxwell’s theoi 7 the function of the wire is merely to guide 
the disturbance,' which is r^ident in the surrounding dielectric. 

This opinion that conductors are the media of propagation 
of electric disturbance was entertained also by Ludwig Lorenz 
(J. 1829, d, 1891), of Copenhagen, who independently developed 
an electromagnetic theory of lightTi a few years after the 
publication of Maxwell’s memoirs. The procedure which 
Lorenz followed was that which Kiemann had suggested** in 
1858 — namely, to modify the accepted formulae of electro- 
tlynamics by introducing terms whkdi, though tw small to be 

^ Nature, xxxviii (1888) p. 571. t Brit. Assoc. Report, 1888, p. 567. 

X Cf. Bottoinlcy, in Nature, liii (1886), p, 2CS ; Kelvin, ib., p. 316 ; J.. Willard 
Gibbs, ib., p. 509. * 

{ Jiaitimw* Le^lurts (ed. 1904), p. 370. t| preface, p. 7. 

81 OvtTiifft oiw det JT. Vid, Sthkapt Forhaudiitig^r^ 1867, p. 26 ; Annal. 

der Phys, cxxxi (1867)« p. 243 ; Phil. Mag., xxxiv (1867), p. 287. 

** Gf. p. 268. Kiemann’s memoir was, however, published only in the same 
year (1907) as ].ion»nx’s. 
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appreciable in ordinary labomtory oxfierimouta, would ho 
capable of accountiiig for the projwigation'of ehnitricrl 
through space with a finite velocity. We hav ‘ seen that in 
Keunmiurs theory the elet;tric fortr Ewas detenniiuHl by the 
equation 

E-r»grad^~a, (1^ 

where ^ denotes the electrostatic potential defined by the 
ei}uation 

0 « j I j (p7^‘) 

fl being the density of electric charge at the point and 

where a denotes t!»e vector-potential, dtdined by the t'liuation 

r/ j j 

l' Kdng the conduction-current at (x', ?/\ z\ We stip|M>se the 
specific inductive capacity and the riuignetic j)erineability to 
be everywhere unity. 

Lorens proposes! to replace these by the e([uationB 
^ - 1 jj {/>'(< - »-/c)/r 1 dx'd^dbl . 
a - jj j |i' (<- r/c)/r I ; 

the change consists in replacing the values which fi and i' have 
at the instant i by those which they have at the instant (f - r/c)» 
which is the instant at which a disturbance travelling with 
velocity t must leave the place {x' , ;/ , /) in or<ler to arrive at 
the place (x, y, z) at the instant U Thus the values of the 
potentials at (x, y, z) at any instant i would, according to 
Lorenz’s theory, depend on the electric state at the point 
*it the previous instant (t - r/c) : *a8 if the potentials 
were propagated outward^ from the charges *and currents nwth 
velocity c. The iunctions ^ and a formed in this way are 
generally known as the retarded jHdeniuds, 
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Tbo equations by which ^ and a have been defined are 
•Mjiiivalent to the equations 

V’^ - ^/c* = - 4jrp, (2) 

V’a - a/c* = - 47rt, (3) 

while the equation of conservation of electricity, 


gives 


div 1 + p = 0 


div a + ^ = 0. (4) 

From equations (1), (2), (4), we may readily derive the equation 
div E == ■iwc*p ; (I) 

and from (1), (3), (4), we have 

curl H = E/c» + dm, (II) 


where H or curl a denotes the magnetic force: while from (1) 
we have 


curl E = - H. 


(Ill) 


The equations (I), (II), (III) are, however, the fundamentad 
equations of Maxwell’s theory; and therefore the theory of 
L. Lorenz is practically equivalent to that of Maxwell, so far 
as concerns the propagation of electromagnetic disturbances 
through hee aether. Lorenz himself, however, does not appear 
to have clearly perceived this ; for in his memoir he postulated 
the presence of conducting matter throughout space, and was 
consequently led to equations resembling those which Maxwell 
had given for the propagation of light in metals. Observing 
that his equations represented perioilic electric currents at 
right angles to the direction of propagation of the disturbance, 
he suggested that all luminous vibrations might be constituted 
by electric currents, and hence that there was “ no longer any 
reason for maintaining the hypothesis of an aether, since we 
can admit that space contains sufficient ponderable matter to 
enable the disturbance to be propagated.” 

Lorenz was unable to derive from his equations any explana* . 
tion of the existence of refractive indices, and his theory lacks^ 
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the rich physkail migjfcstivoncss of Maxwell’i* . the value of 
his Aoinoir lies chieHy in the intmluetMfli o? the i'etor«le«l 
potentials. It may l»e remarked in pasi«ing that IjOreiiz’a 
retarded potentials art' not hlentical with M txweU'a scalar 
and vector [totentials ; ft»r birenz's a is md a ' ircnilal vector, 
and Lorenz’s^ is not, like Maxwell's, the electro tatie jM>teuUal. 
but dejieiids on the jatsitiims oeouj»ii>d by the eh-irites at certain 
previous instants. 

For some yeai-s no prioress wtts nanle either with Maxwell’s 
thettry or with I,s>renz's, Meanwhih', Maxwell ha<l in 1865 
res^etl lus chair at King’s (’ollege, and had retianl to his 
eatate in Dumfriesshire, where he occupied himself in writing 
• connected account of electrical theory. In 1871 he retumtHl 
to Canibrit^ as l*rofe88or of Kx}terimcntal Physics; and two 
years later publishetl his Trtatm on Eleefrinty mui Mntjnetim. 

In this celebratetl work is (Htinprehended almost every 
hranch of electric and magnetic theory; but the intention of 
Ae writer was to discuss the whole as far tut possible from a 
single point of view, namely, that of Faraday; so that little 
or no acctmnt was given »d tin* hyiHrtheses which ha«l Ixjcn pro- 
pounded! in the two precdMling <le<ade.s by the ga'at Ommn 
electricians. Sk> far a.s Maxwell's pur]H>se was to dissmniiiate 
the ideas djf Fara<lay, it was undoubtedly fnlfilletl ; but the 
TrmlMe was le».s Hucces.sfui wlM?n ctinsidmedl as the exishsitiou 
of its author’s own view.s. The »lo<;trincs peculiar to Maxwell 
— ^thc exisU'iice of displacement-currents, and of ek'otroinagnctic 
vibrations identn^al with light — were not introduces! in the. first 
volume, or in the first half of the Hec«)nd volume; and the 
account which was given of tliem was scarcely more complete, 
and was perhai)8 less attractive, than that which had been 
furnished in the original memoirs. 

Some matters were, however, discussed, more fully in thb 
Treatise than in Maxwell’s previous writings j and among these 
was the question of stress in the electromagnetic field. 

It will be remembered* that Faraday, when studying the 
• cf. p. ao9. 
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cur\aturo of linos of force in electrostatic fields, had noticed 
an ;ippa?ent tendeiicy of adjacent lines to repel each othtr, as 
if < ach tulte of force were inlierently disposed to distend 
lateially ; and that ip addition to this repellent or diverging 
forr 1 } in the transverse direction, he suppf»sed an attractive or 
(!on tractile force to lie exerted at right angles to it, that is to 
sa^ , in the direction of the lines of force. 

Of the existence of these pressures and tensions Maxwell 
was fully persuaded ; andjie «leterinined aTialytical expressions 
suitable to represent them. The tension along the lines of 
force must bo 8uprM)se.d to maintain the ponderomotive force 
which acts on the conductor on which the lines of force 
tcrmii^atc ; and it may therefore he measured by the force 
wliich is exerted on unit area of the conductor, ie., or 

^OE. The pressure at right angles to the lines of force must 
then be determined so as to satisfy the condition that the aether 
is to be in equilibrium. 

For this purpose, consider a thin shell of aether included 
between two equipotential surfaces. The ec{uilibrium of the 
portion of this shell which is intercepted by a tube of force 
requires (as in the theory of the equilibi'ium of. liquid films> 
that the resultant foice per unit area due to the above- 
mehtioned normal tensions on its two faces shall have the 
value T(l/pi + l/pi), where pi and p, denote the principal radii 
of curvature of the shell at the place, and where T denote 
the lateral stress across unit length of the surface of the shell,. 
T being analogous to the surface-tension of a liquid film. 

Now, if t denote the thickness of the shell, the area inter- 
cepted on the second face by the tube of force bears to the 
area intercepted on the first face the ratio (p, + <) (p» + t)/p,p, 
and by the fundamental property of tubes of force, 1) and E 
vary inversely as the cross-section of the tube, so the total force 
on the second face will bear to that on the first face the ratio 

pipt/ipi + ^ (p» + « 

(1 - t/pi — tftt ) ; 


or approximately 
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the resultant luree i)er unit area along the outvan) norutal is 
therefore • 

- JDE . < . (1/p, + 1/p,). 

and so wo have 

- PE . / ; ' 

or the pn'ssuro at right angh's to the linos of foroo is pE jior 
unit area — that is, it is innuerioally o(|tial to thf tension along 
the lines of force. 

Tlie princiiwl stresses in tho tnediuni la'ing thus determiiKsI, 
it reatlily ftjllows that the stress across any plane, to which the 
unit Victor N is normal, is 

(D.N)E- i(D.E)N. 

Maxwell obtained* a similar formula for the case of imignetic 
fields ; the ponderomotive forces on magnetized matter and on 
ccHidtictont carrying currents may be accounted fur by assuming 
a stress in the medium, the stress across the plane V l)eiiig 
represented by the vector 

This, like the coiTe8pr>n«ling electrostatic formula, represents a 
tension across planes pcr]>cndicular to the lines of force, and a 
pressure across planes fiarallel to them. 

It may be remarked that Maxwell made no distinction 
between stress in the material dielectric and stress in the 
aether: indee«l, so long as it was supposed that material bodies 
when displaced carry the fmitainetl aether along with them, 
no distinction was possible. In the modifications of Maxwell's 
theory which were develo|(ed many years afterwards by his 
followers, stresses corresponding to those introduced by MaxtVell 
were assigned to the aether, as distinct from ponderable matter; 
and it was assumed that tho only stresst's set up in loaterial 
bodies by the electnmiagnetio field are produced indirectly:^ 
they may be calculated by the methods 9! the theoiy of 
elasticity, from a ^ knowledge* of the ponderomotive forces 
oyo f t /id on tihe electric charges ’connected with the bodies. 

* TremtUe on MUelrieity and { 043 . ^ 
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Auotlier remarlj suggested by Maxwell's theory of stress 
in the ihedium is that he considered the question from the 
piiivly statical point of view. He determined the stress so that 
it iiiiglit produce the.required forces on ponderable bodies, and 
be self-equilibruting in free aether. But* if the electric and 
magnetic plienoiaena are not really statical, but are kinetic in 
their nature, the stress or pressure need not be self-equilibrating. 
This may l>e illustrated by reference to the hydrcwlynamical 
models of the aether shortly to be described, in which perforated 
soliils are immersed in a moving liquid : the ponderomotive 
forties exerted on the solids by the liquid correspond to those 
which act on conductors carrying currents in a magnetic field, 
and yet there is no stress in the medium beyond the pressure 
of the liquid. 

Among the problems to which Maxwell applied his theory 
of stress in the medium was one which had engaged the 
attention of many generations of his predecessors. The ad* 
herents of the corpuscular theory of light in the eighteenth 
century believed that their hypothesis would l>e decisively con- 
firmed if it could be shown that rays of light possess momentum : 
to determine the matter, several investigators directed powerful 
beams of light on delicately-suspended bodies, and looked for 
evidences of a pressure due to the impulse of the corpuscles. 
Such an experiment was performed in 1708 by Homberg,t who 
imagined that he actually obtained the effect in question ; but 
Mairan and Du Fay in tlie middle of the century, having 
repeated his operations, failed to confirm his conclusion.^ 

The subject was afterwards taken up by Michell, wHo *'some 
years ago,” wrote Priestleyg in 1772, “ endeavoured to ascertain 
the momentum of light in a much more accurate manner than 
those in which M. Homberg and M. Mairan had attempted it.” 
He exposed a very J;hin and delicately-suspended copper plate 

^ Of. Ujei'kiies, Phil. ix (1^)05), p. 491. 

t Histoii'e de PAcad., 1708, p. 21. ' 

tJ. J. de Mairan, TraiU ti* e Aurora bwtaU^ p. 370. 

{ HiJttorif of i, p. 387* ; 
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to the rays c# the sun cunceiitrahHl hy a lyirror and oIiserviHl 
a deflexion. He was not satislioil that the ert’ect <'f the heating 
of the air had In’en aU«>}j»'ther e.xoluded, but “ tliere swins lo 
be no doubt,” in l’rie.*»tley’.s opinion. “ but tJiat the itiuiioii al«»ve 
mentioned is to be aseiila*d to (he iinpnise of the ays <if light ." 
A similar exjH.M-iment was made by A. llenin't.* who diiTcted 
tlie light from the fiK-us of u large lens on writing-iuijs'r 
delic»ttely susjwndtHl in an exhausUxl receiver, but ** could not 
perceive any motion tlistinguishable from the efl'ects i>f lieal.” 

Perhaps,” ho wmclndtHl, “ sensibh; heat and light may not Ihj 
caused by tiie influ.\ or rectilineal projections of tinu i>articles, 
hat by the vibrations made in the universally diflused mltine 
tx matter of heat, or fluid of light.” Thus Rennet, and after 
him Young.t r^rdeil the non-appearance of light-repulsion in 
th^ experiment os an aigument in favour of the undulatory 
system of light. ‘•Ft»r," wrote Ytning, “granting the utmost 
imaginable subtility of the. coquiscles of light, their effects 
might naturally lie expected to liear some proportion to the 
effects of the much less rapid motions of the electrical fluid, 
which are so very easily js'iceptiblc, even in their weiikest 
states." 

This attitude is all the more remarkable, because Euler 
many years Ijefore hml expres-mMl the opinion that light-pressure 
might be exi>ecte«l just as n'usonably on the undulatory as on 
the corpuscular hyjmthesis. “.fust as,” he wrote, J “a vehement 
sound excites not only a vibratory motion in the [Htrticles of 
the air. but there is also ol>sen'ed a real movement of the small 
particles of dust which are suspended therein, it is not to be 
doubted but that the vibratory motion set up by the light 
causes a similar effect.” Euler not only inferred the existence 
of light-pressure, but even (adopting a suggestion of Kepler’s) 
accounted for the tails of comets by supposing that the solar 
rays, impinging on the. atmosphere of a comet, drive off from 
it the more subtle of its particles. 

• Phi). Tran*.. 1792, p. 81. * t IM., 1802, p. 40. , 

X.Uia^r$dtPAend. dt j 
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The question was examined by Maxwell* fcom the point 
of view, of the eltjctromaguetic theory of. light ; which re^Uy 
fiu'uishcs reasons for the existence of light-pressure. For 
supjMjse that light falls on a metallic reflecting surface at 
per]ieudicular incidence. The light may Ije regarded as con- 
stituted of a rapidly-alternating magnetic field ; and this must 
imliice electric currents in the surface layers of the metal. But 
a metal carrying currents in a magnetic field is acted on by a 
jxiiideromotive force, which is at right angles to both the 
magnetic force and the direction of the current, and is there- 
fore, in the present case, normal to the reflecting surface : 
this ponderomotive force is the light-pressure. Thus, according 
to Maxwell’s theory, l^ht-pressure is only an extended case of 
effects which may readily be produced in the laboiatory. 

The magnitude of the light-pressure was deduced by 
Maxwell from his theory of stresses in the medium. We have 
seen that the stress across a plane whose unit-normal is H is 
represented by the vector 

(D . H) . E - HD • 2) •» + ^(B . H). H - g- (B . H) . F. 

Now, suppose that a plane wave is incident perpendicularly on 
a perfectly reflecting metallic sheet; this sheet must support 
the mechanical stress which exists at its boundary in the 
aether. Owing to the presence of the reflected wave, D is zero 
at the surface ; and B is perpendicular to N, so (B . K) vanishes. 
Thus the stress is a pressure of magnitude (l/Sw) (B . H) 
normal to the surface : that is, the light-pressure is equal to 
the density of the aethereal energy in the region immediately 
outside the metal. This was Maxwell’s result. 

This conclusion has been reached on the assumption that 
the light is incident normally to the reflecting surface. If, on 
the other hand, the surface is placed in an enclosure completely 
surrounded by a ihdiating shell, so that radiation falls on it 
from all directions, it may be shown. that the light-pressure is 
measured by one-third of the density of aethereal energy. 

* Uaxwell’a «n ZUtiriAly and Mofattim, { 702 . 

i.. ' X 
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A different way of inferring the necessity for light-pressure 
was indicated in 181[6 by A Bartoli * who ^showed that, when 
radiant energy is transported from a cold body to a hot one by 
means of a moving mirror, the second law of thermodynamics 
would be violated unless a pressure were exerted on the mirror 
by the light. 

The thermodynamical ideas inti-oduced into the subject by 
Bartoli have proved very fruitful. If a hollow vessel be at a 
definite temi)erature, the aether within the vessel must be full 
of radiation crossing from one side to tlio other : and hence the 
aether, when in radiative equilibrium with matter at a given 
temperature, is the seat of a definite quantity of energy per 
unit volume. 

If XT denote this energy per unit volume, and P the light- 
pressure on unit area of a surface exposinl to the radiation, wc 
may applyt the equation of available energyj 



dP 

U=T -L - P. 

Since, as we have seen, 

dT 

P-\U, 

this equation gives 

J- ,^7,. 


and therefore U must l»e proportional to TT. From this it may 
be inferred that the intensity of emission of radiant energy by . 
a body at temi>erature T is j)n>portional to the fourth power of 
the absolute temperature — a law which was first discoveretl 
experimentally by .Stefan§ in 1879. * 

In the year in which Maxwell’s treatise was published, 
Sir William CrookesH obtained exiorimental evidence of a 
pressure accompanying the incidence of light; but this was 

* Biiitoli, Sopra i movimenii prtMioiii dalla tuce e dat e $opra U radiomitro 
di Crocket, Firenze, 1876. Also Nuovo Cimonto (6) (1884), p. 193; And 

Bzner’s Rep., ui (188o), p. 198. 

t Bolunuuuif Ann. d. Pbys. wi (1884), p. 3L Cf. al«o B. Onlilxine, Ann. d. 
Phys. xlvii (1892), p. 479. 

t Cf. |i. 240. ^ i Wien. Ber. Uxix (1879), p. 391. 

I Phil. Trans, clziv (1874), p. 501. Tlie radiometer was diseovei^ in 1875. 
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soon found to l)e due to thermal effects ; and the existence of 
a true Jight-pressi^re was not confirmed experimentally* until 
1899. Since then the subject has been considerably developed, 
especially in regard to the part played by the pressure of radiation 
in cosmical physics. 

Another matter which received attention in Maxwell's 
Treatise was the influence of a magnetic field on the propagation ^ 
of light in material substances. We have already seenf that 
the theory of magnetic vortices had its origin in Thomson’s 
speculations on this plienomenon ; and Maxwell in his memoir 
of 1861-2 had attempted by the help of that theory, to arrive 
at some explanation of it. The more complete investigation 
which is given in the Treatwt is based on the same general 
assumptions, namely, that in a medium subjected to a magnetic 
field there exist concealed vortical motions, the axes of the 
vortices being in the direction of the lines of magnetic force ; 
and that waves of light passing through the medium disturb 
the vortices, which thereupon react dynamically on the luminous 
motion, and so affect its velocity of propagation. 

The manner of this dynamical interaction must now be 
more closely examined. Maxwell supposed that the magnetic 
vortices are affected by the light-waves in the same way as 
vortex-filaments in a liquid would be affected by any other 
coexisting motion in the liquid. The latter problem had been 
already discussed in Helmholtz’s gi'eat memoir on vortex- 
motion ; adopting Helmholtz’s i-esults, Maxwell assumed for the 
additional term introduced into the magnetic force by the dis- 
placement of the vortices the value d^jdd, where e denotes the 
displacement of the medium (i.e. the light vector), and the 
operator dldO denotes + Itydidjf + JT^dldz, H denoting the 

imposed magnetic field. Thus the luminous motion, by dis- 
turbing the vortices, gives rise to an electric current in the 
medium, proportional to curl de/dO- 

*P. Lehedev, Archives des Sciences Phys. et Nat^ (4) viii (IS99), p. 181. 
Alin. d. Phys. vi (1901), p. 433. E, F^NiohoU and G. F. Hull, Phys. R«iv. 
xiii (1901), p. 293 ; Astrophys. Jour., xvii (1903), p. 315. t Of. p. 274. . 
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Maxwell further assumed that the current thus produced 
interacts dynamically with the luminous motion in such a 
manner that the kinetic enei-gy of the medium contains a 
term proportional to the scalar product of e and curl de/dO. 
The total kinetic energy of the medium may therefore be 
written 

Jpe* + i(T (e . curl de/d$\ 


wliere p denotes the density of the medium, and <r denotes a 
constant which measures the capacity of the medium to rotate 
the plane of polarization of light in a magnetic field. 

The equation of motion may now be derived as in the 
elastic-solid theories of light : it is 

pc = curie. 

When the light is transmitted in the direction of the lines 
of force, and the axis of x is taken parallel to this direction, 
the equation reduces to 





^Vy 






» n 


dx' 




CHy ^ 

dtdX^ ^ 


and these equations, as we have seen,* furnish an explanation 
of Faraday’s phenomenon. 

It may l>e remarked that the term 

Jflr (e . curl de/dO) 

in the kinetic energy may by partial integration be transformed 
into a term 

J<r(curle.0e/00),t 

together with surface^tenns ; or, again, into 
- i<r(curl6.8e/0fl), 

togetiier with surface-temB. These difTerent forms all yield 

•Cl. p. SIS. , 

t TM» lorm ww by Fil«p«rda .ix ,«ua UtOT, PhU. Tniit,, JBBC, 

p, SSI j FlttOen)d*t Scwttijlc Wrifing$, p, 46. 
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the same equation of motion for the medium; but> owiiig to 
the differences in the surface-terms, they yield different con- 
ditions at the boundary of the medium, and consequently give 
rise to different theories of reflexion. 

The assumptions involved in MaxwelPs treatment of the 
magnetic rotation of light were such as might scarcely be 
justified in themselves; but since the discussion as a whole 
proceeded from sound dynamical principles, and its conclu- 
sions were in harmony with experimental results, it was fitted 
to lead to the more perfect explanations which were afterwards 
devised by his successors. ’ At the time of MaxwelFs death, 
which happened in 1879, before he had completed his forty- 
ninth year, much yet remained to be done both in this and in 
the other investigations with which his name is associat 
and the energies of the next generation were largely spent 
extending and refining that conception of electrical and opt 
phenomena whose origin is correctly indicated in its name 
MaxwelVs Theory, 
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^ CHAPTER IX. 

V ff 

MODELS OF THE ABTHBU. 

The early attempts of Tlioinson and Maxwell to represent the 
electric mediniu by mechanical models opened up a new field of 
research, to which investigatoi's were attracted as much by its 
intrinsic fascination as by the im|X)rtance of the services whicli 
it promised to render to electric tlieory. 

Of the models to which reference has already been made, 
some — such as those deserilied in Thomson’s memoir* of 1847 
and Maxwell’s meinoirf of 1801-2 — attribute a linear character 
to electric force and electric current, ami a rotatory character 
to magnetism; others — such as tliat devised by Maxwell in 
1855J and afterwards amplified by Helmholtz^ — regard mag- 
netic force as a linear and electric current as a rotatory 
phenomenon. This distinction furnishes a natural classification 
of models into two principal groups. 

Even within the limits of the former group diversity has 
already become apparent; for in Maxwell’s analogy of 18G1-2, 
a continuous vortical motion is supposed to be in progress about 
the lines of magnetic induction ; whereas in Thomson’s analogy 
the vector-potential was likened to the displacement in an 
elastic solid, so that the magnetic induction at any point would 
be represented by the twist of an element of volume of the 
solid from its equilibrium position ; or, in symbols, 

a-e, E*-e, curl e, 

where a denotes the vector-potential, E the electric force, B the 
poAgnetic induction, and e the elastic displacement. 

Thomson’s original memoir concluded with a notice of his 
intention to resume the discussion in another communication 
His purpose was fylfilled only in 1890, when|| he showed tha«i 

*Cf.p. 270. tCf. p.276. ’ tCf.p. 271. § Cf. p. 274. 

I Helrin*f Math, and FAyt, Fapen, iii, p. 436. 
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in his model a iin^r current could be represented bj a piec<e 
of endlek cord, of Ihe same quality as the solid and embedded 
in it, if a ‘tangential force were applied to the cord uniformly 
all round the circuit* The forces so applied tangentially pro- 
duce a tangential drag on the surrounding solid ; and the 
rotatory displacement thus caused is everywhere proportional 
to the magnetic vector. 

In order to represent the effect of varying permeability, 
Thomson abandoned the ordinary type of elastic solid, and 
replaced it by an aether of MacCullagh*s type ; that is to say, 
an ideal incompressible substance, having no rigidity of the 
ordinary kind (i.e. elastic resistance to change of shape), but 
capable of resisting absolute roUxtion— a property to which the 
name gijrostatw rigid it g was given. The rotation of the solid 
representing the magnetic induction, and the coefficient of 
gyrostatic rigidity being inversely proportional to the permea- 
bility, the normal component of magnetic induction will be 
continuous across an interface, as it should be * 

We have seen above that in models of tins kind the electric 
force is represented by the translatory velocity of the medium. 
It might therefore be expected that a strong electric field would 
perceptibly affect the velocity of propagation of light; and that 
this does not appear to be the case,t is an argument against the 
validity of the scheme. 

We now turn to the alternative conception, in which electric 
l)benomena are regarded as rotatory, and magnetic force is 
represented by the linear velocity of the medium ; in symbols, 
47rD = curie, 

; H = e, 

where D denotes the electric displacement, H the magnetic 
force, and e the displacement of the medium. In Maxwell’s 
memoir of 1855, and in most of the succeeding writings for 

* Thomson inclined to believe iii, p, 465) that light might be correctly 

represented by the vibratory motion of such a solid, \ 

t Wilberforce, Trans. Camb, Phil. Soo. xiv (1887), p. 170 ; Lodge, Phil Trans, 
clxxxix (1807), p. 149. 
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many years, attention was directed chiefly to magnetic fields of 
a steady, or at any rate nou^osoillatory , character ; in audi fields, 
the motion of the particles of the medium is continuously 
progiessiTe ; and it was consequently natpral to suppose the 
mediiun to be fluid* 

Maxwell himself, as we have seen/ afterwards abandoned 
this conception in favour of that which represents magnetic 
phenomena as rotatory. According to Ampere and dll his 
followers/* he wrote in 1870, t “ electric currents are regarded 
as a species of translation, and magnetic force as depending on 
rotation. I am constrained to agree with this view, because 
the electric current is asscxjiated with electrolysis, and other 
undoubted instances of translation, while magnetism is asso- 
ciated with the rotation of the plane of polarization of light/* 
But the other analogy was felt to be too valuable to bo 
altc^ether discarded, especially when in 1858 Helmholtz 
extended it* by showing that if magnetic induction is com- 
pared to fluid velocity, then electric currents correspond to 
vortex-filaments in the flui<I. Two yeai-s afterwards Kirchhoifji 
developed it further. If the analogy has any dynamical (lis 
distinguished from a merely kincmatical) value, it is evident that 
the ponderomotive forces lietween metallic rings carrying electric 
currents should be similar to the ponderomotive forces between 
the same rings when they are immersed in an infinite incom- 
pressible fluid; the motion of the fluid being such that its 
circulation through the aperture of each ring is proportional to 
the strength of the electric current in the corresponding ring. 
In order to decide the question, Kirchhoff attempted, and solved, 
the hydrodynamical problem of the motion of two thin, rigid 
rings in an incompressible frictionless fluid, the fluid motion 
being irrotational ; and found that the forces between the rings 
are numerically equal to those which the rings would exert on 

•C£. p. 276. 

t Proc. Lond. Math. Soc. iii (1870), p. 224 ; MaxweU's Scunt, jPapera^ ii, p. 263. 

tCf.p. 274. r 

i Joumitl fiir Math. Ixxi (1869) ; Kirclihoff's Oeaamm, Abhaudl,, p. 4Q4. Cf. 
also C. Neumann, Leipzig Berichte, xliv (1892), p. 86. ' ^ 
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ea(jh other if they were traversed by electric currents pro* 
portional to the circulations. • 

There is, however, an important difference between the twe 
cases, which was subser|uently discussed by W. Thomson, who ^ 
pursued the analogy in several memoirs.* In order to reprOsOiit!- ' 
the magnetic field by a conservative dynamical system, we diall 
suppose that it is produced by a number of rings of perfectly^^ 
conducting material, in which electric currents are circulating; 
the surrounding medium being free aether. Now any perfectly 
conducting body acts as an impenetrable barrier to lines of 
magnetic force ; for, as Maxwell showed,! when a perfect con- 
ductor is placed in a magnetic field, electric currents are induced 
on its surface in such a way as to make the total magnetic force 
zero throughout the interior of the conductor.^ Lines of force 
are thus deflected by the body in the same way as the lines of 
flow of an incompressible fluid would be deflected by an obstacle 
of the same form, or as the lines of flow of electric current in a 
uniform conducting mass would be deflected by the introduction 
of a body of this form and of infinite resistance. If, then, for 
simplicity we consider two perfectly conducting rings carrying 
currents, those lines of force which are initially linked with a 
ring cannot escape from their entanglement, and new lines 
cannot become involved in it. This implies that the total 
number of lines of magnetic force which pass through the 
aperture of each ring is invariable. If the coefficients of self 
and mutual induction of the rings ai’e denoted by Z|, Za, Z,2, 
the electrokinetic energy of the system may be represented by 
T ^ \ (Z|ii® + 2X12*11^2 + Za^a*), 

where denote the strengths of the currents; and the 

condition that the number of lines of force linked with each 
circuit is to be invariable gives the equations 
• Z|ii + Z,aia = constant, 

• Ziiii + Zaia *= constant. 

• Tlioni80ii*8 lieprint of Papers itt E)ect, and Jl/ap,,\§f 573, 733, 761 (1870- 
1872). t Maxwell ’8 oy EUeU and Mag., $ 664. 

X For thi8 rea8on W. Thomson cnllecl a perfect con<)iictor nn ideai oxtt'tme 
diamagnetie. 
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It is evident that, when the system is consUlei <.'d from tlie 
point of view of general dynamics, the electric cum uts must be 
regarded as generalized vehioities, and the quantities 
+ I'la fa) and +*-^a‘^a) 

as momenta. The electromagnetic pondoromotive force on the 
rings tending to increase any coordinate * is dTjdr,. In the 
anal<^us bydrodynamical system, the fluid velocity correspomls 
to the magnetic force; and therefore, the circulation through 
each ring (which is defined to be the fntcgral / vds, taken round 
a path linked once \rith the ring) corresponds kinematically to 
the dlectric current; and the flux of fluid through each ring 
corresponds to the number of lines of magnetic force which 
pass through the aperttire of the ring. But in the hydro- 
dynamical problem the circulations play the part of generalized 
momenta ; while the fluxes of fluid through the rings play the 
part of generalized velocities. The kinetic energy may indeed 
be expressed in the form 

K \ + iVjKj*), 

where ki, ki, denote the circulations (so that ki and kj are 
proportional respectively to i, and t,), ami Nx, Nn, N,, depend 
on the positions of the rings ; but this is the Hamiltonian (os 
opposed to the Lagrangian) form tif the eneigy-function,* and 
the ponderomotive force on the rings tending to increase 
any coordinate x is - dICIdx. Since dK/de is equal to dJ'jdx, 
we see that the ponderomotive forces on the rings in any 
position in the bydrodynamical system are equal, Imt opposite, 
to the ponderomotive forces on the rings in the eleetric 
system. 

The reason for the difference' between the two cases may 
readily be understood. The rings cannot cut through the lines 
of magnetic force in the one system, but they can cut through 
the stream-lines in the other : consequently the flux of fluid 
through the rings is not invariable when the rings are moved, the 
invariants in the h^di^odynamictd system being the circuhttions. 

* Cf. Whittaker, Analytitsl { lOS. 
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If 11 thin ring, for. which the circulation is zero, is introduced 
into the fluid, it will exp(;rience no jmndcroinutive forces; but 
if a ring initially carrying no current is introduced into a 
nidgnetic field, it will exijerience ponderomotive forces, owing 
to the electric currents induce<l in it by its motion. 

Imperfect though the analogy is, it is not without interest. 
A bar-magnet,i being equivalent to a current circulating in a wire 
wound round it, may be compared (as W. Thomson remarked) 
to a straight tube immenled in a perfect fluid, the fluid entering 
at one end and flowing out by the other, so that the particles 
of fluid follow the lines of magnetic force. If two such tubes: 
are presented with like ends to each other, they atti-act ; with 
unlike ends, they repel. The forces are thus diametrically 
opposite in direction to those of magnets ; but in other respects 
the laws of mutual action between these tubes and between 


magnets *ti’e precisely the same.* 


* The mathematical analysis in this case is very simple. A narrow tube through 
which water is flowing may be regarded as equivalent toa soun e iit one end of the 
tube and a sink at the other ; and the problem may therefore be reduced to the 
cuiisideration of sinks in an unlimited fluid. If there are two sinks in such a fluid, 
of strengths m and the velocity-potential is 

OT.r + fn'lr\ 

where r and r' denote distance from the sinks. The kinetic energy per unit volume 
of the fluid is 






whore p denotes the density of the fluid; whence it is easily seen that the total 
energy of the fluid, when the two sinks are at a distance I apart, exceeds the total 
energy when they are at an infinite distiince apart by an amount 




the integration being taken throughout the whole volume of the fluid, except two 
small spheres s, s', surrounding the sinks. By Green’s theoiem, this expression 
reduces at once to 


pmm 


(I'sO 


dS, 


where the integration is taken over s and s', and is denotes the interior normal to s 
or s*. The integral t^ken over s' vanishes ; evaluating the remaining integral, we 
have 

,The energy of the fluid is therefore greater when sinks of strengths ei, m* are at a 
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Thomson, moreover, investigated* the po^deroniotive forces 
which act between two solid bodies immersed in a Huid, when 
one of the bodies is constrained to j^erform small oscillations. 
If, for example, a small sphere immei'sed in an incompressible 
fluid is compelled to oscillate along the line wliich joins its 
centre to that of a much larger sphere, which is free, the hvo^ 
sphere will Im? attracted if it is <louser than the fluid ; whib* 
if it is less dense than the fluid, it will be repelled or attracted 
according as the ratio of its distance^ from the vibrator to its 
radius is greater or less than a cert4iin quantity depending on 
the ratio of its density to the density of the fluid. Systems 
of this kind were afterwards extensively investigated by 
C. A. Bjerkneaf Bjerknes showed that two spheres which 
are immersed in an incompressible fluid, andT which pulsate 
(i6.j change in volume) regularly, exert on each other (by the 
mediation of the fluid) an attraction, determined by the inverse 
square law, if the pulsations are concordant; and exert on 
each other a repulsion, determined likewise by the inverse 
square law, if the phases of the pulsations differ by half a 
period. It is necessary to suppose that the medium is incom- 
pressible, so that all pulsations are propagated instantaneously : 
otherwise attractions would change to repulsions and vice versa 
at distances greater tlmn a quarUT wave-leugth.J If the 
spheres, instead of pulsating, oscillate to and fro in straiglit 
lines about their mean positions, the forces between them are 
proportional in magnitude and the same in direction, but 

mutual distance / than when sinks of the same strengths are at infinite distance 
ai>art by an amount Awpmm'jL Since, in the case of the tubes, the quantities m 
correspond to the fiuxes of fluid, this expression corresponds to the Lagrungian 
form of the kinetic energy ; and therefore the force tending to increase the coordi- 
nate X of one of the sinks is {djdx) Whence it is seen that the likt ends 

of two tubes attract^ and the unlike ends repelf according to the inverse square law. 

♦ Phil. Mag. xli (1870), p. 427. 

t Bepertorium d; Matbematik von Konisberger und '^euner (1876), p. 268. 
Gottinger Nachrichten, 1876, p. 245. Cqmptes Bendus, lipcxiv (1877)» p. 1377. 
Cf. Nature, xxiv (1881), p. 360. * 

X On the mathematical theory of the force between two pulsating spheres in 
• fluid, of. W.M. Hicks, %Kic. Camb. Phil. Soo. iu (1879), p. 278: iv (1880), 
p. 29. 
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opposite in sign, to those which act between two magnets 
oriented along the directions of oscillation* 

The results obtained by Bjerknes ‘were extended by 
A. H. I^ahyt to the case of two spheres pulsating in an 
(dastic medium ; the wave-length of the disturbance being 
sujijiosed large in comparison with the distance between the 
spheres. For this system Bjerknes’ results are reversed, the 
law being now that of attraction in the case of unlike phases, 
and of repulsion in the case of like phases : the intensity is as 
before proportional to the inverse square of the distance. 

The same author afterwards discussed J the oscillations 
which may be produced in an elastic medium by the 
displacement, in the direction of the tangent to the cross- 
section, of the • surfaces of tubes of small sectional area : 
the tubes either forming closed curves, or extending inde- 
finitely in both directions. The direction and circumstances 
of the motion are in general analogous to ordinary vortex- 
motions in an incompressible fluid ; and it was shown by Leahy 
that, if the period of the oscillation be such that the waves 
produced are long compared with ordinary finite distances, the 
displacement due to the tangential disturbances is proportional 
to the velocity due to vortex-rings of the same form as the 
tubular surfaces. One of these “oscillatory twists,” as the 
tubular surfaces may be called, produces a displacement which 
is analogous to the magnetic force due to a current flowing in 
a curve coincident with the tube ; the strength of the current 
being proportional to ^oisinjp^, where h denotes the radius of 
the twist, and sin p, its angular displacement. If the field 
of vibration is explored by a rectilineal twist of the same 
period as that of the vibration, the twist will experience a force 

* A theory of gravitation has been based by Kom on the assumption that 
gravitating particles resemble slightly compressible spheivs immersed in an incom- 
pressible perfect fluid; ike spheres execute pulsations, whose intensity corresponds 
to the mass of the gravitating particles, and thus foxoes of the Newtonian kind are 
produced between them. Cf. Korn, Eim Tkevric der OraviUUion und dmr 9Uet, 
Berlin, 1898. 

t Trans. Gamb. Fhil. Soo. xiv (1884), 46. 

I Tians. Oaiiib. Phil. Soo. xiv (1885), p. 188. 
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at right angles to the plane containing the twist and the 
direction of the displacement which woukt exist if the twist 
were removed ; if the displacement of the modi\im lie repn;- 
sented by /’sin jjyt, and the angular displacement of ‘the twist 
by (» sin /rf, the magnitmle of the foi-co is piopoi I ional to the 
veet*)r-prothict of /’ (in the direction of the di8[)liicement) and 
i» (in the diriHJtiun of the axis of the twist). 

A model of magnetic action may evitUnitly lie constructed 
on the basis of these results. A bar-magnet must he regarded 
as vibrating tangentially, the direction of vibration being 
parallel to the axis of the body. A cylindrical body carrying 
a current will have its surface also vibrating tangentially ; but 
in Uiis case the direction of vibration will be perpendicular to 
the axis of the cylinder. A statically electrified body, on the 
other hand, may, as follows from the same author’s earlier work, 
be regarded as analt^us to a body whose surface vibrates in 
the normal direction. 

We have now discussed models in which the magnetic force 
is represented as the velocity in a liquid, and others in which 
it is represented as the displacement in an elastic solid. Some 
years before the date of Leahy’s memoir, George Francis 
FitzGerald (b. 1851, d. 1901)* had instituted a comparison 
between magnetic force and the velocity in a quasi-elastic 
solid of the tyjie first devised by MaeCullagh.f An analog)' 
is at once evident when it is noticed that the electromagnetic 
equation 

4wD ■> curl H 

is satisfied identically by the values 

j 4irD - curl e, 

( H - e, 

where e denotes any vector; and that, on substituting these 
values in the other electromagnetic equation, 

- curl(4ire*D/e) - H, 

* Phil. Tnuu., 1880, ‘*p. 691 (pretentod October, 1878). FiteGendd’i SeitnU/lt 
WrUitig*, p. 45. ' t Cf. p. 185. • • 
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we obtain the equation 

€6 + 0 * curl Qurl e =* C, 

which is no other than the equation of motion of MacCullagh's 
aciJier,* the specific; inductive capacity c corresponding to the 
reciprocal of MacCulIagh’s constant of elasticity. In the 
aiiijlogy thus constituted, electric displacement corresponds to 
the twist of the elements of volume of the aether; and electric 
charge must evidently be rei>resented as an intrinsic rotational 
strain. Mechanical models of the electromagnetic field, based on 
FitzGerald’s analogy, were afterwards studied by A. Sommerfeld,f 
by R. Reifl‘,J and by Sir J. Larmor.g The last-named authorll 
supposed the electric charge to exist in the form of discrete 
electrons, for the creation of which he suggested the following 
ideal processIT : — A filament of aether, terminating at two 
nuclei, is supposed to be removed, and circulatory motion is 
imparted to the walls of the channel so formed^ at each point 
of its length, so as to produce throughout the medium a 
rotational strain. When this has been accomplished, the 
channel is to be filled up again with aether, which is to be 
made continuous with ite walls. Wlien the constraint is 
removed from the walls of the channel, the circulation imposed 
on them proceeds to undo itself, until this tendency is balanced 
by the elastic resistance of the aether with which the channel 
has been filled up ; thus finally the system assumes a state of 
equilibrium in which the nuclei, w^hich correspond to a positive 
and a negative electron, are surrounded by intrinsic rotational 
Strain. 

Models in which magnetic force is represented by the 
velocity of an aether are not, however, secui*e from objection. 
It is necessary to suppose that the aether is capable of flowing 
like a perfect fluid in irrotational motion (which would corre- 

• Cf. p. 166. , t Ann. d. Phys. xlvi (1892), p. 139. 

X Keifr, £laitticUat und Siebtricifat^ Freiburg, 1893. 

{ Phil. Trans, clxxxv (1893), p. 719. 

II In u supplement, of date August, 1894, to his ahoveroited memoir of 1893. - 

H Phil. Trans, olxxxv (1894), p. 810^; cxe (1897), p. 210; Larmor, Aether 
md Jfutttr (1900), p. 326. 
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spend to "a steady magnetic field), and that it is at the same 
time endowed with the power (which it} refpjisito Jor tlie 
explanation of electric phenomena) df resisting the rotation of 
any element of vohuiie.* * * § But when the aether moves irrota- 
tionally in the fashion which corresponds to a ste.uly magnetic 
field, each element of volume acnpiires after a linito time a 
rotatory displacement from its original orientation, in con- 
sequence of the motion ; and it might tlterefore bo oxpecte.d that 
the quasi-elastic power of resisting rotation wouhl be callrd 
into play — i.e., that a steady magnetic field \V(ndd ilevehq) 
electric phenomeifa.f 

A further (d»iei‘tion to all motlels in which magnetic force 
corres{K>nds to velocity is that a strong magnetic field, l>oing in 
such models representeil by a steady drift t>f the aether, might 
be exi)eeted to influence the vehanty of inopagafion of light. 
The existence of such an ctlect appears, liowever. to be disproved 
by the exp<‘rii!hents of Sir Oliver I^oilge;? at any rate, unless it 
is assumed that the aether has an inertia at least of the saitie 
order of magnitude as that of pomlerahle matter, in which c^ise 
the motion might be too slow to be measurable. 

Again, the evidence in favour of the rotatory as opposed to 
the linear character of magnetic plienomena has perhaps, on the 
whole, been strengthened since Thomson originally based his 
conclusion on the magnetic rotation of light. This brings us 
to the consideration of an experimental discovery. 

In 1879 £. H. HallA at that time a student at Baltimore, 

* Larmor (loc. cit.) suggested the analogy of « liquid filled with magneae 
tttoleciilee under the ectioti of an estemal magnetio field. 

It has often been objected to the matbematioiif conception of a perfect fluid 
that it contains nq safeguard against slipping between adjacent layers, so that 
there u no justification for the usual assumption that the motion of n perfect fluid 
ia continuous. Larmor remarlced that a rotational elasticity, such as is attributed 
to the medium above considered, furnishes precisely such a safeguard ; and that 
without oome propertv of this kind a continuous f rictii>tiles%fluid cannot be imagined . 

tLarmor proposed to avoid thie by assuming that the rotation which ia resisted 
hy an element of voiiime of the aether is the vector sum of the series of dififerentlal 
rotations which it haa ea^penenced, * f I’hil. Trans, clxxxix (1897), p. 149. 

§ Am. Jour. Hath, ii, p. 287 ; Am. J. Sci. six, p. 200, and xx', p. 101 ; vt^ 
.. Mag. sx, p. 225, and x, p. 801. 
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repeating an experiment which had been previously suggest^ 
by H. A. Rowland, obtained a new action of a magnetic field 
on electric currents. A strip of gold leaf mounted on glass, 
forming part of an ^electric circuit through which a current 
wiis passing, was placed between the poles of an electro- 
niiignet, the plane of the strip being perjiendicular to the 
lines of magnetic force. The two poles of a sensitive galvano- 
nniter were then placed in connexion with dilferent parts of the 
strip, until two points at +he same potential were found. When 
the magnetic field was created or destroyed, a deflection of the 
galvanometer needle was observed, indicating a change in the 
rolative potential of the two poles. It was thus shown that 
the magnetic field produces in the strip of gold leaf a new 
ehictromotive force, at right angles to the primary electromotive 
force and to the magnetic force, and pi-oportional to the product 
of these forces. 

From the physical point of view we may therefqre regard 
Hall’s effect as an additional electromotive force generated by 
the action of the magnetic field on the current ; or alternatively 
we may r^ard it as a modification of the ohmic resistance of 
the metal, such as would be produced if the molecules of the 
metal assumed a helicoidal structure about the lines of magnetic 
force. From the latter point of view, all that is needed is 
to modify Ohm’s law 

. S = 

(where 8 denotes electric current, h specific conductivity, and S 
electric force) so that it takes the form 
8 = ArE + ^ [£ . H] 

where H denotes the imposed magnetic force, and h denotes a 
constant on which the magnitude of Hall’s phenomenon 
depends. It is a curious circumstance that the occurrence, in 
the case of magnetized bodies, of an additional term in Ohm’s 
law, formed from a vector-product of E, had been expressly 
su{g^ted in Maxwell’s Treoim*'. although Meocwell had not 
indicated the possibility of realizing it by Hall’s experiment. 

* SleeL and Mag.^ { 303. Cf. Hopkinsoo, Phil. Mag. x (1880), p. 430. 

Y 
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An interesting application of Hall’s Jiscoven was iiiinle in 
the same year hy Boltzmann * who remarkAl th.it it u 

prospect of determining the absolute velocity of the ohictric 
charges which carry the current in the strip. F(«' if it i.s 
8upp<»sed that only one kind (vitreous or resinous t of electricity 
is in motion, the force on t»ne of the cliarges t.eniliug to drive it 
to one side of the strip will be pri»portionnl lo the vector- 
product of its velocity and the magnetic intensily. .Assuming 
that Hall’s' phenomenon is a con.seijiu'tice of this tiuideney of 
charges to move to one side <»f the strip, it is e\iilent that the 
velocity in question must lx‘ projM>rt ional to the magnitude of 
the Hall electromotive force due to a unit magnetic (icdil. On 
the l>asis of this reasoning, A. von Kttiiigsliausimt found for the 
current sent by one or two Daniell's cells through a gold strip 
a velocity of the order of O'l cm. per second. It i.s clear, however, 
that, if the current consists of both vitreous ami rt^sinous charges 
in ’motion in opposite directions. Boltzmann’s aigument fai]|s; 
foir the two kinds of electricity would give opixisitc directions 
to the current in Hall’s phenomenon. 

In the year following his discovery, Hall^ c.\tended his 
researches in another direction, by investigating whether a 
magnetic field disturbs the distribution of equipotential lines in 
a dielectric which is in an electric field ; but no effect could be 
obeerved.§ Such an effect, indeed,i| was not to be expected on 
theoretical grounds; for when, in a material system, all the 
velocities are reversed, fhe motion is , reversed, it being 
understood tliat, in the ap]>licatiun of this theorem to electrical 
theory, an electrostatic state is to lie n>garded as one of rest, and 
a current as a phenomenon of motion ; and if such a reversal be 

• Wien An*., 1880, p. 12. Phil. Meg. ix (1880), p, 307. 

t Ann. d. Phy». xi (1880), ;.j>. 432, 1044. 

« 1 Am. Jour. Sci. xx <1880), p. 164. 

$ In 1SS5-6 K. van Aubel^ Bull, de TAcad. Boy. de Belgique (3) x, p. 609 ; 
xiit p. 280, repeated the investigation in an improved torni, and con6rmed the 
result that a magnetic ^'field has no influence on the electrostado polarisstion of 
dieleotricsn 

I H. A. IfOrentz, Arab. Neer). xix (1884), p. 123. 
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l)(‘rformed in the present system, the poles of the electro- 
magnet are exchanged, while in the dielectric no change takes 
place. 

We must now .consider the bearing of Hall’s effect on 
the question as to whether magnetism is a rotatory or a 
linear i)henoinenoii.* If magnetism be linear, electric currents 
must be rotatory; and if Hall’s phenomenon be supposed to take 
place in a horizontal strip of metal, the magnetic force being 
directed vertically upwasds, and the primary current flowing 
Iiorizontally from north to south, the only geometrical entities 
involved are the vertical direction and a rotation in the east- 
and-west vertical plane ; and these are indifferent with respect 
to a rotation in the north-ami- south vertical plane, so that there 
is nothing in the physical circumstances of the system to 
determine in which direction the secondary current shall flow. 
The hypothesis that magnetism is linear appears therefore 
to bo inconsistent with the existence of Hall’s effect.f Tfiere 
are, however, some considerations which may be urged on the 
other side. Hall’s effect, like the magnetic rotation of light, 
takes place only in ponderable bodies, not in free aether ; and 
its dii'ection is sometimes in one sense, sometimes in the other, 
according to the nature of the substance. It may therefore be 
doubted^ whether these phenomena are not of a secondary 
character, and the argument based on them invalid. Moreover, 
as FitzGerald remarked,^ the magnetic lines of force associated 
with a system of c\frrents are circuital and have no open ends, 
making it difficult to imagine how alteration of rotation inside 
them could be produced. 

Of the various attempts to represent electric and magnetic 
phenomena by the motions and strains of a continuous medium, 
none of those hitherto considered has been found free from 

• Of. F. KoUcek, Aftn. d. Phya. Iv (1895), p. 503. # 

t Further evidencto in favour of the hypothesis that it is the electric phenomena 
which are linear is furnished by the fact t!|at pyro -electric effects (the pr^iiction of 
eleotiic polarisation by warming) occur in acentric crystal, and only in such. Cf. 
M. Abraham, Eneyklopadit dvt JFua iv (2), p. 43. 

X Gf. Larmor, Phil. Trans, clxxxv, p. 780. 

Y 2 
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objection.* Before proceeding to consider models which are n«»t 
constituted by a contkiuous medium, mentioii mint he maile 
a suggestion ofiered by Uicmanu in his leeturest *1' 1861. llie- 
inann remarked that the scalar-pottMilial ^ and Vi ^ rur-jiotential 
a, cori'esponding to his own law ut‘ force between electrons, 
satisfy the eq nation 

^ + div a « 0 ; 

an equation wdiich, as vve have secui. is satisfied also by iht? 
jwtentials of 1.. l^wnz.* This appoaml to liieiiuiiin to iii(li(;atc 
that 0 inioht represent the density of an aether, of wliicli a 
represents the velocity. It will he ohservwl that on this 
hypothesis the electric aiul ina;j;netic forces corn'sjiond to second. 
derivates of the displacement — a circumstance which makes it 
somewhat difficult to a.ssiniilate the enei^y jwasesseil by the 
electromagnetic field to the energy of the model 

<We must now proceed to consider those moilels ' in which 
the aether is represented as composed of more than one kind of 
constituent: of these Maxwell’s model of 1861-2, formed of 
vortices and rolling particles, may be taken as the type. Another 
device of the same class was described in 1885 by Fitz 6erald§ ; 
this was constituted of a number of wheels, free to rotate on 
axes fixed perpendicularly in a plane board ; the axes were fixed 
at the inteisections of two systems of perpendicular lines ; and 
each wheel was geared to each of its four neighbours by an 
indiarubber band. Thus all the wheels could rotate without 
any straining of the system, provided thejt all had the same 
angular velocity; but if some of the wheels were revolving 
faster than others, the indiarubber bauds would become strained. 
It is evident that the wheels in this model play the same part 
as the vortices in Maxwell’s model of 1861-2 : their rotation is 

• Cf. H. Witte, Ueber dtn gegenwdrtigen Stand der JFrage naeh finer meeha- 
Mffhen JSrklurung der eUktritchen Erncheinungen ; Berlin; 1906. 

t Edited after his death hy K. Uattendorff, under the title Sehtoere^ EUktneiiiii^ 
und Magnelismus, 1875, p. 330. 

♦ Cf. p. 299. 

§ Scient. Proc. Roy. Dublin Soc., 1885 ; Phil. Mag. June, 1885 ; Pits Gerald's 
Seient. Writinge, pp. 142, 157. 
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tlie analogue of inagnetic force ; and a region in which the masses 
of the v/heels are h.rge corresponds to a region of high magnetic 
ixTineability. The indiarubber bands of FitzGerald’s model 
correspond to the yiedium in which MaxwelFs vortices were 
(Mubeilded ; and a strain on the bands represents dielectric pol^ri- 
z.ition, the line joining the tight and slack sides of any band 
being the direction of displacement. A body whose specific 
inductive capacity is large would be represented by a region 
in which the elasticity of the bands is feeble. Lastly, 
conduction may be represented by a slipping of the bands 
on the wheels. 

Such a model is capable of transmitting vibrations analogous 
to those of light. For if any group of wheels be suddenly set 
in 1‘otation, those in the neighbourhood will be prevented by 
their inertia from immediately sharing in the motion; but 
presently the rotation will be communicated to the adjacent 
wheels, which will transmit it to their neighbours; and so a 
wave of motion will be propagated through the medium. The 
motion constituting the wave is readily seen to be directed in 
the plane of tlie wave, i.e. the vibration is transverse. The axes 
of rotation of the wheels are at right angles to the direction 
of propagation of the >vave, and the direction of polarization of 
the bands is at right angles to both these directions. 

The elastic bands may be replaced by lines of governor 
balls if this be done, the energy of the system is entirely of 
the kinetic type.f 

Models of types different from the foregoing have been 
suggested by the researches of Helmlioltz and W. Thomson on 
vortex-motion. The earliest attempts in this direction, however, 
were^ intended to illustrate the properties of ponderable matter 
rather than of the luminiferous medium. A vortex existing in 
a perfect fluid preserves its individuality throughout all changes, 

• Gerald’s VTriiingny p. 271. 

t It is of course possible to devise models of this clossan which the rotation may 
be interpreted as having the electric instead of the magnetic character. Such a 
model was proposed by Boltzmann, Vbrlesungen uber MaxweWs Thtorie, ii. 
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and cannot be destroyed ; so that if, as Thomson * in 

1867, the atoms of matter aro constituted of vortox-rinjcs in a 
perfect fluid, the conservation of matter may I c immediately 
explained. The mutual interactions of atoms niay 1 h! illnstralo*! 
by, the behaviour of smoke-rin^, which after approachiu}' each 
other closely are observed to relwund : and the sjx'ctroscnpic 
properties of matter may be referred to the p<»8se88ion by 
vortex-rings of free periods of vibration.f 

,There are, however, objections to f;he hypothesis of vortex- 
atoms. It is not easy to understand how the lai^ge density of 
ponderable matt^ as compared with aether is to he explained ; 
and farther, the virtual inertia of a vortex-ring increases as its 
energy increases ; whereas the inertia of a i)onderable body is, 
so far as is known, unoflected by changes of temperature. It 
is, moreover, doubtful whether vortex-atoms would l>e stable. 
“ It now seems to me certain,” wrote W. Thom8«)n* (Kelvin) in 
1905, “ that if any motion b({ given within a finite portion of 
an infinite ineompres8il)le li()uid, originally at rest, its fate is 
necessarily dissipation to infinite tlistances with infinitely small 
velocities everywhere; while tlie total kinetic energy remains 
constant. After many yejirs of failure to prf)ve that the motion 
in the ordinary Helmholts ciicular ring is stable, I came to the 
conclusion that it is essentially unstable, and that its fate must 
be to become dissipated as now descriljed.” 

The vortex-atom hyfiothesis is not the only way in which 
the theory of vortex-motion has been applied to the construc- 
tion of models of the aether. It was shown in 1880 by 
W. Thomson^ that in certain circumstances a mass of fluid can 
exist in a state in which portions in rotational and irrotational 

* Phil. Mag. xxziv (1867), p. 15; Proc. B.S. Edinb. vi, p. 91. 
t An attempt was made in 1883 by J. J. Thomson, Phil. Mag. av (1883)p 
p. 427, to explain tlie phenomena of the electric discharge through gases in terms 
of the theory of vortex^atoms. The electric field wab supposed to consist in a 
distribution of velocity in the medium whose vortex •motion constituted the atoms 
of the gas ; and Thomson considered the effect of this field on the dissociation and 
recoupling of vortez-riiigf^.. 

. t Proc. Boy. Soc. Edinb., xzv (1905J, p. 666* 

{ Brit. Assoc. Rep., 1880, p. 473. 
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motion arc finely mixed together, so that on a large scale the 
muHS is homogeneous, having within any sensible volume an 
equal amount of vortex-motion in all directions. To a fluid 
having such a type of motion he gave the name wrtex-sponge. 

Five years later, I'it/.Gerald* discussed the suitability of the 
vortex-sponge as a model of the aether. Since vorticity in a 
perfect fluid cannot be created or destroyed, the modification 
of the system which is to be analogous to an electric field must 
be a polarized state of the vortex motion, and light most be 
represented by a commumcation of this polarized motion from 
one part of the medium to another. Many distinct types of 
polarization may readily be imagined : for instance, if the 
turbulent motion were constituted of vortex-rings, these might 
be in motion parallel to definite lines or planes ; or if it were 
constituted of long v<ytex filaments, the filaments might be 
bent spirally about axes parallel to a given direction. The 
energy of any polarized state of vortex-motion would be greater 
than that of the unpolarized state; so that if the motion of 
matter had the effect of reducing the polarization, there would 
be forces tending to produce that motion. Since the forces due 
to a small vortex vary inversely as a high power of the distance 
from it, it seems probable that in the case of two infinite 
planes, separated by a region of polarized vortex-motion, the 
forces due to the polarization between the planes would depend 
on the polarization, but not on the mutual distance of the 

planes a property which is characteristic of plane distributions 

whose elements attract according to the Newtonian law. 

It is possible to conceive polarized forms of vortex-motion 
which are steady so far as the interior of the medium is 
concerned, but which tend to yield up their energy in prodiicing 
motion of its boundary — a property parallel to that of the 
aether, which, though itself in equilibrium, tends to move 
objects immersed in it. 

In the same' year Hickst discussesd the possibility of trans- 

** 

• Scient Proc. Koy.* Dublin Soo., 188n ; SeitHtiJe Wntius* ntzGeraU, 
p. 154 , ♦ hrit. Assoc. Rep., 1885, p. 980. 
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laitting waves through a incUiuin consisting of an lncoini>ressii>Ic 
fluid in which small, vortex-rings are closely ]Mwked together. 
The wave-length of the disturlwice was stijijHweti large in com- 
parison with the dimensions and mutual distances of tin* rings ; 
and the translatory motion of the latter was 8ui'|«>sod tf> Iki so 
slow' that very many waves can pjiss over any one In'fore it has 
much changed its imsition. Such a medium would jn-olKilily 
act as a fluid for larger motions. The vibration in the wiive- 
front might l>e either swinging osciUations of a ring about a 
diameter, or transverse vibmtions of tlm ring, or' a|)ertural 
vibrations; vilrnttions normal to the plane of tin* ling apix*ar 
to be impossible. Hicks detennined in each case the velocity 
of translation, in terms of the radius of the rings, the distance 
of their planes, and their cyclic constant. , 

The greatest advance in the vortea-sjxrage theoiy of the 
aether was made in 1887, when W. Thomson* showed that the 
equ|Uion of propagation of laminar disturbances in a vortex- 
sponge is the same as the equation of propagation of luminoiui 
vibrations in the aether. The demonstration, wliieh in the 
circumstances can scarcely lie expected to lie either very simple 
or very rigorous, is as follows: — 

Let («, r, ir) denote the C’oiiqjonents of velocity, and f the 
pressure, at the point (^:, y, z) in an incompressible fluid. Let 
the initial motion lie sup|x>8e<l to consist of a laminar motion 
0, 0|, superposed on a homogeneous, isotropic, and fine- 
grained distrihiition (w'n, v,,, w?«): so that at the origin of time 
the velocity i.s }/ (y) + u'o, Vo, v'„\ : it is desirt'd to find a 
function f {//, /) such that at any time t the velocity shall 
be + where V, w, are quantities of which 

every average taken over a sufficiently laige space is zero. 

Substituting these values of the components of velocity in 
the'equation of motion 




'0a '0a 0a 0& 

0w 0y 0® . 0® 


* Phil. Mag. xxiv (1887), p. 342 : Kelvin’s Math, and thy*. Pspnv, iv, p. 
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there results 


&i) + ; .fU, A ^ — 

dt Tit dr dy dx dy 

, 3tt' dp 

dz dx 

Take now the aw-averages of both members. The quantities 
di''/dt, du'Idx, V, dp/dx have zero averages; so the equation 
takes the form 

, dii du' duf \ 

” ^ '■ lii'/ 


. (] » _ y 

dt 




if the symbol A is used to indicate that the aa-average is to be 
taken of the quantity following. Moreovei-, the incompressi- 
bility of the flui^ is expressed by the equation 


dd dv dvj 
d3: * dy dz 


0 , 


/ ,du' 

V, + 

dx 




whence 

0 = - .<4 . ( -v « -r » ^ i. 

\ idx dy dz J 

When this is added to the preceding equation, the first and 

third pairs of terms of the second member vanish, since the 

a;-average of any derivate dQ/dx vanishes if Q is finite for 

infinitely great values of x ; and the equation thus becomes 


8/(.yi A 

df ' dy ■ 


From this it is seen that if the turbulent motion were to remain 
continually isotiopic as at the beginning,/ (y, t) would constantly 
retain its critical value /(y). In order to examine the deviation 
from isotropy, we shall determine Ad{u’v)ldt, which may be 
done in the following way : — Multiplying the and ^-equations 
of motion by v, u' respectively, and adding, we have 


« ¥JM + 

0< W 




d (n'v) 
dx 




a® 


d{u'v) 



dx 
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Taking the a«-averagc of this, we observe that tlio first term of 
the first member disappeai^s, since A . x> is 'zen*, and the first 
term of the second member disappears, since - 1 . S [v'v)pj' is 
zero. Denoting by Jjft* the average valine of r\ r®, so 

that It may be called the averaf/e nlucity of the turbulcMit 
motion, the equation becomes 


where 

Q 


=;- \A . {urj}-- in* -Q, 


. » ,?(«'*’) d(u'e) ?(«'/-) ?l-j> ,?}>) 

A . : u — - + V \ ^ tc ^ i? J f w 

9 ac df/ ?z 3/ ?t/\ 


liCt p be written (// ■¥ w), where p' denotes the value which p 
would have if / were zero. The equiitions of motion immediately 
give 




tW 

¥ 


^^cwcii 

dz ^ ^ 


and on subtracting the forms which this equation takes in the 
two cases, we have 




8/ty,0at> 

dy hx* 


which, when the turbulent motion is fiue>grained, so that 
f{y, t) is sensibly constant over ranges within which u\ v, w 
pass through all their values, may he written 






Moreover, we have 
0 ^ A 


, oiu v) d(u v) 

U ^ + V "V- - 4* W 

dz df/ 


8* 8ar 


for pAsitive and negative values of -u', v, 10 are equally probable; 
and therefore the value of the second memwr of this equation 
is doubled by adding' to' itself what it becomes'when for u', v, w 
we Buhslitute -u\-^v,-w; which (as may be seen by inspection 
of the above equation in V*p) 'does not change the value of p'. 
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Comparing this equation with that which determines the value 
of Q, we have 

/-I A ^ ^ 


. dv 


or substituting for «t, 

Tlie isotropy with respect to x and z gives the equation 

/a ,d 

2 A . Va ^ ^ 

' dx Cy 


a-; " ^ • I ® es' 




lJut by integration by parts we obtain the equation 

and by the condition of ineompressibUity the second member 
may be written ' * ‘ 

A.(9o»ldy).{dldy).'7-*Vo, or - 
BO we have 


Qo'‘- 


y(y. t) 
3y 




On account of the isotropy, we may write J for 

ay* a**;^ ’ 




0 . 


du 


so 

and, therefore, 

a 

0?( 

The deviation* from isotropy shown Toy this equation is very 
small, because of the smallness of y(y, t)/dy. The equation is 
therefore not restricted to the initial values of the two members. 
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for we may neglect an' infinitesimal deviation fDin in 

the first factor of the second ineiiilxn*, in donsitloraiion of the 
smallness of the second fa(;tor. Hence for all values *>f t we 
have the equation 

ct (V/ 

which, in combination with (1), yieljls tlie result 


the form of this e<[uation shows that lamimr difitiirlMncf:s ore 
propagated through the vortex^opmige in (he mtne manner a ft iravcs 
qf distortion in a honiogeneous elastic solid. 

The question of the stability of the turbulent motion remained 
undecided ; and at the time Thomson seems to have thought it 
likely that the motion would suffer diffusion* But two years 
later* he showed that stability was ensured at any rate when 
sjiace is filled with a set of approximately straight hollow vortex 
filaments. Fitz Geraldf siib3e<iuently determined the eueigy per 
unit’Volume in a turbulent liquid which is transmitting laminar 
waves. ^Writing for brevity 


(2/9) jR^ = 



and A (u^v) 

the equations arc 




dl' 

ami 


" - 

y 


d( 


If the quantity 






22 


is integrated throughout space, and the variations of the 
integral with respect to time are determined, it is found that 


• Proi5. Roy. Irish Acad. (3) i (1889), p. 340 ; Kelvin’s Math, and Phya, Papara, 
iv, p. 202. 

t Brit* Aasoc. Rep., 1899. Fita Gerald’s Seianiijte fPritinya, p. 484. 
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Iiitc^ratiuj^ tlu3 .second term under the integral by parts, and 
omitting* the superiicial terms (which may lie at infinity, or 
wh« -lever energy enters the space under consideration), we have 

’ jj] 

Hence it appears that the quantity S, which is of the dimensions 
of energy, must be proportional to the eneigy per unit- volume 
ol tlie medium — a result which shows that there is a pronounced 
similarity between the dynamics of a vortex-sponge and of 
Maxweirs elastic aether. 

A definite vortex-sponge model of the aether was described • 
by Hicks in his Presidential Address to the mathematical 
section of the British Association in 1895.* In this the small 
motions whose function is to confer the quasi-rigidity were not 
completely chaotic, but were disposed systematically. The 
medium was supposed to be constituted of cubical elements of 
fiuid, each containing a rotational circulation complete in itself: 
in any element, the motion close to the central vertical diameter 
of the element is vertically upwards : the fluid which is thus 
carried to the upper part of the element flows outwards over 
the top, down the sides, and up the centre again. In each of 
the six adjoining elements the motion is similar to this, but in 
the reverse direction. The rotational motion in the elements 
confers on them the power of resisting distortion, so that waves 
may be propagated through the mediiun as through an elastic 
solid ; but the rotations are without eflect on irrotational 
motions of the fluid, provided the velocities in the irrotational 
motion are slow compared with the velocity of propagation of 
distortional vibrations, 

A different model was described four years later by 
Fitz Gerald.t Since the distribution of velocity of a fluid in the 

• 

* Brit. Assoc. Hep., 1895, p. 595. •• 

T Proc. Roy. Dublin Sot-., December 12, 1899; FitzGerald*8 Seietrtifh 
p. 472. 
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neighbourhoQcl of a vortox Klainent is the shiuo .'s the distribu- 
tion of magnetic forct^ around a wire of identical foriu*carrj ing 
an electric currtmt, it is evident that the fluid h is more eneigy 
when the flloment has the form of a helix than when it is 

I 

straight ; so if space were filled with vortices, whose axes 
were all parallel to a given diiwtiiili, tlu'ie would be an 
increase in the eueigy jier unit volume when the vortices 
were Umt into a spiral form; and this could l»- measuivd by 
the s<piare of a vector — say, E — which may be supposed {Mirnllel 
to this ilirection. 

If now a single spiral vortex is surrounded by |»irallol 
straight ones, the latter will not remain straight, but will Im* 
bent by the action of their spiral neighbour. The transference 
of spirality may be specified by a vector H, which will be dis- 
tribiited in circles lound the spiral vortex ; its magnitude will 
depend on the rate at which spirality is being lost by the 
original spiral, and can be taken such that its square is equal 
to the mean energy of this new motion. The vectors E and H 
will then represent the electric and nmgnetic vectors; the 
Vortex spirals representing tubes of electric force. 

Fitz Gerald’s spirality is essentially similar to the laminar 
motion investigated by Lonl Kelvin, since it involves a flow in 
the direction of the axis of the spiral, and such a flow cannot 
take place along the direction of a vortex filament without a 
spiral defonnation of a filament. 

Other vortex analogues have been devised for electro- 
statical systems. One such, which was descrilicd in 1888 by 
W. M. Hicks,* depends on the circumstance tliat if two bodies 
in contact in an infinite fluid arc separated from each other, and 
if there be a vortex filament which terminates on the bodies, 
there will be formed at the point where they separate a hollow 
vortex filamentt stretching from one to the other, with rotation 

* Brit. Assoc. Kep.i 1888, p. 577. 

t A hollow vortex isyi cycUc motion' existing in a fluid without the presence of 
any actual rotational filaments. On the general theory cf. Hicks, Phil. Trans. « 
elxxv (1883), p. 161 ; clxxvi (1886), p. 725 ; cxcii (1898), p. 33. 
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efinal and opposite to that of the original filament. As the 
bodies are moved apart, the hollow vortex jnay, through failure 
of stability, dissociate into a number of smaller ones ; and if 
the resulting number be very large, they will ultimately take 
up a position of stabfo equilibrium. The two sets of filaments 
— the original filaments and their hollow companions — will be 
inlurmingled, and each will distribute itself according to the 
same law as the lines of force between the two bodies which are 
(•fjually and oppositely electrified. 

Since the pressure inside a hollow vortex is zero, the portion 
of the surface on which it abuts experiences a diminution of 
pressure; the two bodies are therefore attracted. Moreover, as 
the two bodies separate further, the distribution of the filaments 
being the same as that of lines of electric force, the diminution 
of pressure for each line is the same at all distances, and there- 
fore the force between the two bodies follows the same law as 
the force between two bodies equally and oppositely electrified. 
It may be shown that the efiect of the original filaments is 
similar, the diminution of pressure being half as large again tto 
for the hollow vortices. 

, If another surface were brought into the presence of the 
others, those of the filaments *which encounter it would break 
off and rearrange themselves so that each part of a broken 
filament terminates on the new body. This analogy thus gives 
a complete account of electrostatic actions both quantitatively 
and qualitatively : the electric charge on a body corresponds 
to the number of ends of filaments abutting on it, the sign 
being determined by the direction of rotation of the filament 
as viewed from the boily. 

A magnetic field may be supposed to be produced by the 
motion of the vortex filaments through the stationary aether, 
the magnetic force being at right angles to the filament and to 
its direction of moti&n. Electrostatic and magnetic fields thus 
correspond to stStes of motion in the medium, in which, how- 
ever, there is no bodily flow; for the tw& kinds of filament 
produce circulation in opposite directions. 
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It is possible that hollow vortices arc bettiM ailaptcid than 
ordinary vortex-tilaments for the construction oi iiiodejs of the 
aether. Such, ai any rate» was the opinion ofTliMiuson (Kelvin) 
in liis later years.* The analytical difficulties of the subject are 
formidable, and progress is consequently slow ; but among the 
many meehaniciil schemes which have Imvu (levisod to represent 
electrical and optical i>henotnena« none pos8cast»s greater iuteiest 
than that whicli pictures the aether as a viirtex-sjumge. 

• Proc. Ray. Acad.. November 30, *18SS. Ktdvin*N Muth, uwl VhyM. 

rafters^ iv, p. 20*J. •* Rotational vortex-con‘5i,*' ho \vD>tc, ** must b<* ab^ohlt4dy 

diticarded ; and we must have iiuthiny; but irrotational icvolution .titd vnctioua 
core®/' 
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CHAITEK X. 

THE FOLLOWBllS OF MAXWELL. 

The most notable imperfection in the electromagnetic theory 
of light, as presented in Maxwell's original memoirs, was the 
absence of any explanation of reflexion and refraction. Before 
tlie j)ublication of Maxwell's Trfatuse, however, a method of 
supplying the omission was indicated by Helmholtz.* The 
principles on which the explanation depends are that the 
normal component of the electric displacement D, the tangential 
components of the electric force E, and the magnetic vector B 
or H, are to be continuous aciross the interface at which the 
reflexion takes place; the optical difterence between the con- 
tiguous bodies being represented by a difference in their 
dielectric constants, and the electric vector being assumed to 
be at right angles to the plane of polarization.f The analysis 
required is a mere transcription of MacCullagh’s theory of 
reflexion,^ if the derivate of MacCullagh’s displacement e with 
respect to the time be mtei*preted as the magnetic force, 
fi curl e as the electric force, and curl e as the electric displace- 
ment. The mathematical details of the solution were not given 
by Helmholtz himself, but were supplied a few years later in 
the inaugural dissertation of H. A. Lorentz.§ 

In the years immediately following the publication of 
Maxwell’s Treatise, a certain amount of evidence in favour of 

* Journal fiir Math. Ixzii (1870), p. 68, note. 

t Helmholtz (loc. cit.) pointed out that if the optical difference between the 
media were assumed to be due to a difference in their magnetic permeabilities, it 
would be necessary to suppose the magnetic vector at right angles to the phuie of 
polarization in order to oUain Fresnel’s sine and tangent formulae of reflexion. 

t cr. pp. 148, 149, 151-156. 

§ Eeitschiift fflr Math. u. Phys. xxii (1877), pp. I, 205 : Ovtr it thtwit itr 
ierttgkaahing en hrtking van hit lUht, Arnhem, 1875. L(fl«ntz*s work was based 
on Helmholtz’s equations* but remains substantially unchanged when Maxwell’s 
formulae are substituted. 

Z 
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his theory was furnished by ox^Hn-imeui. That in elect lic* field 
is closely coneorneti with the projiagution of* lip'il waH^doinon- 
strated in 1875, when John Kerr* 8howe<l iluit dielectiics 
subjected to powerful eloctroslalie force iu‘quiit* llie projH'ity 
of double ivfniction, their optical beliavibur bi-iiijj; similar to 
that of uniaxal crystals whose axes are diiected almi^^ the lines 
of force. 

Other ivsearche.s undertaken at this time had a more <hie<*t 
bearing on the <|uestious at issue iHL'tween Uh‘ hypothesis of 
Maxwell and the older })otetttial theories. In 1875-0 llelmhoU/.t 
and his pupil SchillerJ attempted to discriminate betwetMi the 
various doctrines and formulae I'elative to tinclosed circuits by 
performing a crucial experimenL 

It was i^^i'eed in all theories that a ring-shaped magnet, 
which returns into itself so as to have no poles, can exert no 
pcmderomotive force on other magnets or on closed electric 
currents. HehnholtzS had, however, shown in 1878 that accord- 
ing to the potential-theories such a magnet would exert a 
ponderuinotive force on ‘an unclosed current. The matter was 
tested by 8u,sp(>n<ling a magnetized steel ring by a long fibre 
in a closed metallic case, near which w’as placed a teniiinal of 
a Holtz maclune. No puiideromotive force could Ik* olwerved 
when the maclune was put in action so os to ])roduce a brush 
discharge fnan the terminal : from which it was inferred timt 
the potential-theories do iK»t correctly nqiresf'iit the pheiMumnia, 
at least when displacement-currents and convection -cur jonts 
(such as that of the electricity carried by the elc<‘trieally repelled 
air from the terminal) arc not taken into account. 

The researches of Helmholtz and Scliiller brought into 
prominence the question tis to the effects produced by the 

• Phil. Mag. (4) 1 (1875), pp. 337, 446 ; (5) viU (1879), pp. 86, 229 ; xiii (1882), 
pp. 153, 248. ' 

t Monataberichte d, Acad.d. Beilin, *1875, p. 400. Ann. d. Phya., clviii (1876), 
p. 87. t Phya. clix (1876), pp. 456, 537 ; clx (1877), p.'333. 

} The valuable rnemoin by HelmhoUs in Journal fur Matb.^lxxii (1870), 
p. 57 ; IxxY (1B73), p. 35 ; Ixzviii (1874), p. 273, to which reference baa already 
been nuide, contain a full discuaaion pf the varioua poaiiibiUtiea of the potential- 
theoriea. 
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ti Jiiislatory motion of electric charges. That the convection 
of electricity is e^juivalent to a current had been suggested 
long before by Faraday.* “If,” he wrote in 1838, “a ball 
bo electrified positively in the middle of a room and be then 
nnived in any direction, effects will be produced as if a current 
in th(‘ same direction had existed.” To decide the matter 
a new experiment inspired by Helmholtz was performed by 
H. A. Rowlandf in 1876. The electrified body in Howland's 
disposition was a disk of ebonite, coated with gold leaf and 
capable of turning rapidly round a vertical axis between two 
fixed plates of glass, each gilt on one side. The gilt faces 
of the plates could be earthed, while the ebonite disk received 
electricity from a point placed near its edge ; each coating of 
the disk thus formed a condenser with the plate nearest to it. 
An astatic needle was placed above the upper condenser>plate, 
nearly over the edge of the disk; and when the disk was rotated 
a magnetic field was found to be produced. This experiment, 
which has since been repeated under improved conditions by 
Rowland and Hutchinson, J H. Pender§^, and Eichenwald,|| shows 
that the “ convection-current " produced by the rotation of a 
chaiged disk, when the other ends of the lines of force are on an 
earthed stationary plate parallel to it, produces the same mag- 
netic field as an ordinary conduction-current flowing in a circuit 
which coincides with the path of the convection-current. When 
two disks forming a condenser are rotated together, the 
magnetic action is the sum of the magnetic actions of each of 
the disks separately. It appears, therefore, that electric chaiges 
cling' to the matter of a conductor and move with it, so far as 
Rowland's phenomenon is concerned. 

The first examination of the matter from the point of view 
of Maxwell’s theory was undertaken by J. J. Thomson, If in 1881. 

If an electrostatically charged body is in motion, the change in 

* • 

* Exper. i2e<r., § 1644. 

t Monataberichte d. Akad. d. Berlin, IS76, p. 211 : Ann. d. Phya. clviii (1876), 
p. 487 : Annalea d« Chim. et do Phya. xii (1877) p. 119. n 

I Phil. Mag. xxvii (1%89), p. 446. ♦ JUd. u (1901), p. 179 : v (1903), p. 34. 

g Ann. d. Phya. xi (1901), p. 1. 1 Phil. Mag. xi (1881), p. 229. 
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the location of the chai;ge imiet produce a continiioxis alteration 
of the electric field at any point in the surroundin.i; iiuHliiini; or, 
in the language of Maxwell’s theory, there must Ik' diaplaccment- 
currents in the inedium. It was to these displaccment-curronts 
that Thomson, in lus original investigation, nitrilmted the 
4 magnetic effects of moving charges. The pailictdar Hv.stem 
whicli he considered was that funned by a chutged sidierical 
conductor, moving uniformly in a straight line. 1 1 wa.s assumed 
, that the distribution of electricity remains uniform over the 
'* surface daring the motion, and that the electric field in any 
poution of the sphere is the same as if the sphere* |rere at 
rest;. these assumptions are true so long as quantities of order 
(r/c)^ are neglected, where v denotes the velocity of the sphere 
» and e the velocity of light. 

. Thomson’s method was to determine the displacement- 
currents in the space outside the sphire from the known 
values of the electric field, and then to calculate the vector- 
potential due to these displacement-currents by means of the 
formula * 

A = J//(S7r)riir'rf/dz, 

where 8' denotes the <lisplaccmcnt-carrent at (*y/). The 
magnetic field was then determined by the e(|uation 

H R curl A. 

A defect in this investigation was pointed out by FitzGerald, 
who, in a short but most valuable note,* published a few months 
afterwards, observed that the displacement-currents of Thomson 
do not satisfy the circuital condition. This is most simply seen 
by considering the case in which the system consists of two 
‘ parallel plates forming a condenser; if one of the plates is , 
fixed, and the other plate is moved towards it, the electric field 
is annihilated in the space over which the moving plate travels: 
this destruction of electric displaisement constitutes a displace- 
ment-current, which, considered alone, is evidently not a closed 

t** 

* Proc. Boy. Dublin Soc., NoTomber, 1881 ; Fitz GeiuldN Scientyte WriHnff9, 

p. 102. 
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current. The defect, as FitzGerald showed, may be immediately 
!•( ‘moved by assuming that a moving charge itself is to be counted 
as a current-element : the total current, thus composed of the 
displacement-currents and the convection-current, is circuital. 
Making this correction, FitzGerald found that the magnetic 
force due to a sphere of charge e moving with velocity v along 
the axis of z is curl (0, 0, evlr ) — a formula which shows that the 
displacement-currents have no resultant magnetic eflfect, since 
the term evjr would be obtained from the convection-current 
alone. 

The expressions obtained by Thomson and FitzGerald werd 
correct only to the first order of the small quantity vjc. The 
effect of including terms of higher order was considered in 188& 
by Oliver Heaviside,* whose solution may be derived in the 
following manner : — . 

Suppose that a charged system is in motion with uniform 
velocity v parallel to the axis of z ; the total current consists of 
the displacement-current E/4irc^ whe^e E denotes the electric 
force, and the convection-current pv where p denotes the 
volume-density of electricity. So the equation which connects 
magnetic force with electric current may be written 

E/c* = curl H - 47rpv. 

Eliminating £ between this and the equation 

curl E = ~ H, 

and remembering that H is here circuital, we have 
H/c^ ~ V*H = 47r curl pv. 

If, therefore, a vector-potential a be defined by the equation 
a/c^ - V*a = 47rpv, 

the magnetic force will be the curl of a; and from the equation 
for a it is evident tliat the components and are zero, and 
that a, is to be determined from the equation 
da/c* - « 4irpv. 

Phil. Mug. ZZTU (1889), p. 3Z4. 
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Kof#, let («,y, 2^ denote coordinates rdctjve to axw which 
are poiaUel to the axes (x,y,z), and which move with the 
chained bodies; then n, is a function of '(»,.y,2J) only; "owe 
have > 


d 




and the preceding equation is readily seen to be e(iuivalent to 


oVj 

o’ 



?’rt. 


= - ivpV, 


where t>. denotes (I - l>«t this is simply Poistou's 

equation, with suhstit tiled f«»r s; so tlie solution may Ite 
transcriWl from ihe known solutitm of Poisson's etpialitm : it is 


u'vih-ihi'dC: 

;(r, -4.')' + (>-.«•'/ + 0/-//')-l4’ 

the integrations being taken over all the space in which there 
are moving chargt's ; or 
fj-f 

-JjJ » (1 - + (I - ''Voo/ -//}*■ 


If the moving syst(Mii consists of a single charge e at the point 
2 ~ 0, this gives 

fV 

r fl ~ 17^ sin* 0/0^' 

where sin® B « 

It is readily seen that the linos of magnetic force due to the 
moving point-charge are circles wliose centres are on the line of 
motion, the mc^itude of the magnetic force being 
ev{\ - sin B 
r® (1 - v® sin* 0/c*)f 

The electric force is radial, its magnitude being 
.r* (1 - V* sin* 

The fact that Jbhe electric vector due to a moving point- 
charge is everywhere radial led Heaviside fo conclude that the 
same solution is applicable when the charge is distributed over 
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a perfectly conducting sphere whose centre is at the points the " 
only change being that B and H would now vanish inside the 
sphere. This inference was subsequently found* to be inconect : 
a distribution of elcjptric charge on a moving sphere could in 
fact not be in equilibrium if the electric force were radial, since 
there would then be nothing to balance the mechanical force 
exerted on the moving charge (which is equivalent to a current) 
by the magnetic field. The moving system which gives rise to 
the same field as a moviEg point-chaige is not a sphere, but an 
oblate sphcu’oid whose polar axis (which is in the direction of 
motion) bears to its equatorial axis the ratio (1 - 2 /'*/c*)i: l.f 
The energy of the field surrounding a charged sphere is 
greater when the sphere is in motion than when it is at rest. 
To determine the additional energy quantitatively (retaining 
only the lowest significant powers of r/r), we have only to 
integrate, tliroughout the space outside the sphere, the expression 
HVHtt, which represents the electrokinetic energy per unit 
\olumc: the result is where / denotes the charge, v the 

velocity, and (f the radius of the sphere. 

It is evident from this result that the work required to be 
done in order to communicate a gi\en \el()city to the sphere 
is greater when the sphere is charged than when it is uncharged ; 
that is to say, the n irtual mass of the sphere is increased by an 
amount owing to the presence of the charge. This may 

be regarded as arising from the self-induction of the convectiorr- 
current which is formed whetr the charge is set in motion. It 
was suggested by J. LarrnorJ and by W. Wien§ that the inertia 
of ordinary ponderable matter may ultimately prove to be of 
this nature, the atoms being constituted of systems of electrons.il 
• By G. F. C. Se.ule. 

t Cl Senrle, Phil. Traiw. clxxxvii (1896), p. 675, and Phil. Mair. xliv (1897), 
p. 329. On the theory of the moving electrified ‘»phere, of. also J. J . Thomson, 
Jtecent Resea^ehet tn and p. 16 ; 0. Heaviside, Rleeineal Papert^ ii, 

p. 514; Electromag. Theory, i, p. 269; W. B. Morton, Phil. Mag. xli (1896)) 
p. 488 ; A. SohusteiP, Phil. Mng. xliii (1897), p. 1. 

t Phil. Trans, elxxwi (1895), p. 697. § Aroli. Hderl (3) v (1900), p. 96, 

I Experimental evidence that the ineitia of electrons is purely electromagnetio 
was afterwards furnished by W . Kaufmann, G6tt. Nach., 1901, p. 143 ; 1902, p 291. 
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t% however, be remarked that this view of* the origin of 
n»sss ia'not altogether consistent with the p|inciple that the 
is an indivisible entity. For the so«calied selMndaction 
ol the spherical electron is really the induction of the 

eonveotion*currents produced by the elements Of electric charge 
which are distributed over its surface; and the calculation of 
tills quantity presupposes the divisibility of the total chatge into 
elements capable of acting severally in all respects as ordinary 
electric charges ; a property which appears scarcely consistent 
with the supposed fundamental nature of the electron. 

* After the first attempt of J. J. Thomson to deteimine tlie 
field produced by a moving electrified sphere, the mathematical 
development of Maxwell's theory proceeiled rapidly. The 
problems wdiieh admit of solution in terms of known functions 
are naturally those in wliieh the conducting surfaces involved 
have simple geometrical forms— planes, spheres, and cyliiid(*rs.* 

A result which was obtained by Horace Lamb,t when 
investigating electrical motions in a spherical coinliictor, led 
to interesting con8e<iuences. Lamb found that if a spherical 
conductor is placed in a rapidly alternating field, the induced 
currents are almost entirely confined to a superficial layer ; and 
his result was shortly afterwards generalized by Oliver Heavi- 
side^ who showed that whatever be the form of a conductor 
rapidly alternating currents do not penetrate far into its sub- 
8tance.§ The reason for this may be readily understood : it is 
virtually an application of the principlell that a perfect conductor 
is impenetrable to magnetic lines of force. No perfect conductor 
is known to exist ; butH if the alternations of magnetic force to 
which a good conductor such as copper is exposed are very 

^ Cf., e.g., 0. Niven, Phil. Trane, clxzii (1881), p. 307 ; H. Lamb, Phil. Thins, 
'clxziv (1883), p. 519 ; J. J. Thomson, Proc. Xond. Math. Soo. zv (1884), p. 197 ; 
'H« A. Bowland, Phil. Mag. zvii (1884), p. 413 ; J. J, Thomson, Proo. Ijond. Math. 
'6oo* xvit (1886), p. 310; zix (1888), p. 520; and many investigations of Oliver 
'Heaviside, collected in bis JElectricftl Papers. 

f Lotf. cit. X Nlectrivian, Jan. 1885. * 

f Thematbemdtical tbAnry was given by Lord Rayleigh^ PhU. Mag. zzi. (1886), 
•p. 881. Of. MaxwelPs Treaiiee, } 689. . I Of. p* 813. 

* 1 As wsm first remarked by Lord Rayleigh, Phil. Mag. xiii (1882), p. 844. 
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rapid, the cooductor has not time (so to speak) to displaj 
the imperfection of its conductivity, and the magnetic field 
is therefore unable to extend far telow the surface.. 

The same conclusion may be reached by dififerent reasoning. 
When the alternations of the current are very rapid, the ohmic 
resistance ceases to play a dominant part, and the ordinary 
equations connecting electromotive force, induction, hud current 
are equivalent to the conditions that the currents shall be so 
distributed as to make the electrokiiietic or magnetic energy a 
minimum. Consider now the case of a single straight wire of 
circular cross-section. The magnetic energy in the space outside 
the wire is the same whatever be the distribution of current in 
the cross-section (so long as it is symmetrical about the centre), 
since it is the same as if the current were flowing along the 
central axis; so the. condition is that the magnetic energy in 
the wire shall be a minimum ; and tliis is obviously satisfied 
when the current is concentrated in the superficial layer, since 
then the magnetic force is zero in the substance of the wire. 

In spite of the advances which were effected by Maxwell 
and his earliest followers in the theory of electric oscillations, 
the gulf between the classical electrodynamics and the theory 
of light was not yet completely bridged. For in all the cases 
considered in the former science, energy is merely exchanged 
between one body and another, remaining within the limits of a * 
given system ; while in optics the energy travels freely through 
space, unattached to any material body. The first discovery of 
a more complete connexion between the two theories was made 
by Fitz Gerald, who argued that if the unification which had 
been indicated by Maxwell is valid, it ought to be possible to 
generate radiant energy by purely electrical means; and in 
1883 f he described methods by which this could be done. 

FitzGerald’s system is what has since become known as 
the magnetic oscUlatar : it consists of a small circuit, in which 

« Cf. J. Stefan, Wiener, Sitaungsber. xcU (1890), pf.3l9 ; Ann. d. Phye. xli 
(1890), p. 400. • 

t Trane. Koy. Dublin Soo. iii (1883); FiuGendd’e ^rtenl. Writings^ p. 122.^ 
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the strength of the current is vaiied according^ to the siuiple 
periodic law. The circuit will he supposed to be a circle of 
small area /S', whose centre is the origin and whose plane is .the 
plane of 07 /; ami the surrounding luedimn will be supposed 
to be free aether. The current may be taken U) be of sliength 
Aoos(2TrfiT , so that tlie moment of the equivalent luiignet 
is SA cos (2jr//y). Now in the older electrodynamics, the 
vector-jK)tential due to a magnetic imdecule of (vector) moment 
1 | at the origin is ( 1/4 jt) curl where r denotes distance 

from the origin. The vector-jiotential due to .FitzGerald’s 
magnetic oscillator would therefore he (l/ 47 r) curl K, wh(?ie K 
denotes a vector parallel to the axis of c, and of magnitude 
( 1 /r) ^sA cos (2^1 IT), The change which is involved in nqdacing 
the assumptions of the ohler electrodynamics by those of 
Maxwell’s theory is in the present case c(iui valent* to letarding 
the potential ; so that the vector-potential a due to the oscillator 
is t IMir) curl K where K is still clirected parallel to the axis of 
s, and is of magnitude 




The electric force £ at any point of space is ~ a, and the 
magnetic force H is curl a: so that these quantities may he 
calculated without <Iifficulty. The electric energy per unit 
volume is EVSjrr : fjer forming the calculations, it is foumj that 
the value of this (juantity averaged over a period of the 
oscillation and also averaged over the surface of a sphere of 
radius r is 

TT^/ 47rVx 

The part of this whicli is radiated is evidently that which 
is proportional to the inverse square of the distance, f so the 

• Cf. pp. 298, 299. 

tThe other term, which is iteglected, is veiy small compared to the term 
retniiied, at great distances from the origin ; it is what wjiild be obtained if the 
effects of induction of the disjilacement-ciiiTents were neglected: i.e. it is the 
energy of the forced displacement-currents which arctproduced directly by the 
variation of the primary current, and which originate t)ie radiating displacement- 
currents. • 
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average value of the radiant energy of electric type at distance 
r from the oscillator is per unit volume. The 

radiant energy of magnetic type may be calculated in a similar 
way^and is found to have the same value ; so the total radiant 
energy at distance r is 4ir‘'*-.4*>S'V3^V-T* per unit volume; 
and therefore the energy radiated in unit time is 
This is small, unless the frequency is very high ; so that 
ordinary alternating currents would give no appreciable radia- 
tion, FitzGerald, howe'^er, in the same year* indicated,. a 
method by which the aifficulty of obtaining currents of 
sufficiently high frequency might be overcome: this was, to., 
employ the alternating currents which are produced when 
a condenser is discharged. 

The FitzGerald radiator constructed on this priijiciple is 
closely akin to the radiator afterwards developed with such 
success by Hertz : the only difference is that in Fitz Gerald’s 
arrangement the condenser is used merely as the store of 
tmergy (its plates being so close together that the electrostatic 
field line to the charges is practically confined to the space 
between them), and the actual source of radiation is the 
alternating magnetic field due to the circular loop of wire: 
while in Hertz’s aiTangement the loop of wire is abolished, 
the condenser plates are at some distance apart, and the source 
of radiation is the alternating electrostatic field due to their 
charges. 

In the stiuly of electrical radiation, valuable help is affoi’ded 
by a general theorem on the transfer of energy in the electro- 
magnetic field, which was discovered in 1884 by John Henry 
Poynting.f We have seen that the older writers on electric 
currents recognized that an electric current is associated with 
the transport of eneigy from one place (e.g. the voltaic cell 
which maintains {lie current) to another (e.g. an electromotor 
which is vforked by the current) ; but they supposed Jbhe energy 
to be conveyed Iby the current itself within the wire, in much 

♦ Brit. Assoc. Hep., 1883 ; FitzGerald’s Seientifie Writings^ p. 129. 

t Phil. Trans, clxxv (1884), p. 34?. 
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tb^jMo&e way a6 dynamical eneigy ia carried by water Sewing 
in 4. pipe; whereae'in MaxweU’e theory. W storehouse and 
Tdiiole of energy is the dielectric medium surrounding the wire. 
What Poynting achieved was to show tha^ the flux of energy at 
any place might be expressed by a simple formula in terms of 
the electric and magnetic forces at the place. 

Denoting as usual by E the electric force, by D the electric 
displacement, by H the magnetio force, and by B the magnetic 
hl^HCtion, the energy stored in unit yolumc of the medium is* 
iED+ (l/8jr)BH; 

so the increase of this in unit time is (since in isotropic media 
B is pioportionol to E, and B is proportional to H) 

Ei) + (l/4jr)HB 

or * E(S -1) + (1/4 f)HB. 

where S denotes the total current, and i the current of 

conduction; or (in virtue of the fundamental electromagnetic 

equations) 

- (E . i, (l/4n-) £ . curl H) - (l/4ir) (H . curl E„ 
or -(E.i)-(l/4ff)div[E.H]. 

Kow(E.i) is the amount of electric eiieigy transformed into 
heat per unit volume per second; and therefore the quantity 
- (l/4ir) div [E . H] must represent the (leposit of energy in unit 
volume per second due to the streaming of energy; which 
shows that the flux of energy is represented by the vector 
(l/4^)[E.H].t This is Poynting’s theorem : that the jinx of 
energy at any place^ is represented hy the vector-product of the 
electric and magnetic forces^ divided hy 4ir.J 
•Cf.pp. 248, 250, 282. 

t Of course any circuital vector may be added, il . M . Macdonald, Bleetrie WaveB, 
p. 72, propounded u form which differs from Puynling’s hy a non*circidtal vector. 

{ The atialot^e of Poynting’s theorem in the theory of the vibrations of an 
isfftropic clastic solid may be easily obtained ; for from ^the equation of motion of 
an elastic sol^d, 

pH ^ {k + 4m/ 3) gmd div a - n curl curVe, 

it follows that 

+ J (^ + •«) •)* + Jn (curl •)*)*- - div W, ^ 
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In the sp^iel case of the field which sutroniids a 
wire carrying a coiAinuous current, the Ji^es of magnetic fori^ 
are circlea^round the axis of tfie wire, while the lines of electrin 
force are directed along the wire ; hence energy must be flowing 
in the medium in a direction at right angles to the axis of the 
wii-e. A current in any conductor may therefore be r^arded 
as consisting essentially of a convergence of electric and magnetic 
energy from the medium upon the conductor, and its trans- 
formation there into other forms. 

This association of a current with motions at right angles to 
the wire in which it flows doubtless suggested to Poynting the 
conceptions of a memoir which he published* in the following 
year. When an electric current flowing in a straight wire is 
gradually increased in strength from zero, the surrounding space 
becomes filled with lines of magnetic force, which have th^form 
of circles round the axis of the wire. Poynting, adopting 
Faraday’s idea of the physical reality of lines of force, assumed 
that these lines of force arrive at their places by moving out- 
wards from the wire; so that the magnetic field grows by a con- 
tinual emission from the wire of lines of force, which enlarge 
and spread out like the circular ripples from the place where a 
stone is dropped into a pond, . The electromotive force which ia 
associated with a changing magnetic field was now attributed 
directly to the motion of the lines of force, so that wherever 
electromotive force is produced by change in the magnetic fields 
or by motion of matter through the field, the electric intensity 
is equal to the number of tubes of magnetic force intersected 
by unit length in unit time. 

A similar conception was introduced in r^ard to lines of 
electric force. It was assumed that any change in the total 

where W denotes the vector 

- ijs + 4m/ 3) div • . e + w [curl e . 3] ; 

and since the expression Which is differentiated with respect to t represents tho 
sum of the kinetic and potential energies per unit volume of the solid (save for 
terms which give only surface-integrals), it is seen that W is the analogue of tho 
Poynting vector. Of. L.*Donati, Bologna Mem. (5) vii (1^99), p. 633. 

♦ Phil. Trans, olxxvi (1886), p. 277. • 
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electric induction through a curve is caused by the jwissage of 
tubes of force in or out across the boundary; sathat whenever 
magnetomotive foice is produced by change in the elqqtric field, 
or by motion of matter through the field, the imignotomotive 
force is proportional to the iiunjil>er of tubes of electric force 
intei'sected by unit length in unit time. 

Poynting, moreover, assumed tliat wlien a steaily current C 
flow^s in a straight wire, G tubes of electric force close in upon 
the wire in unit time, and are there dissolved, their energy 
apjjearing as heat. If E denote the magnitude of the electric 
force, the eneigy of each twhe per unit length is hE, so 
the amount of energy brought to the wire is WE [Hjr unit 
length per unit time. This is, however, only half the energy 
actually transformed into heat in the wire : so Poynting further 
assumed that E tubes of iiuignetic force also move in per unit 
length per unit time, and finally disappear by contraction to 
infinitely small rings. This motion accounts for the existence 
of the electric field ; and since each tube (which is a clr>sed ring) 
contains energy of amount 1(7, the disai)i>earance of the tubes 
accounts for the remaining WE units of energy dissipated in 
the wire. 

The theory of moving tubes of force luis been extensively 
developed by Sir Joseph Thomson.* Of the two kinds of tubes 
— magnetic and electric — which had been introduced by Faraday 
and used by Poynting, Thomson resolved to discard the former 
and emiiloy only the latter. This was a distinct departure 
from Faraday’s conceptions, in which, as we have seen, great 
significance was attached to the physical reality of the magnetic 
lines ; but Thomson justified liis choice by inferences drawn 
from the phenomena of electric conduction in liquids and gases. 
As will appear subsequently, these phenomena indicate that 
molecular structure is closely connected with tubes of electro- 
’ static force— perhaps much more closely' than with tubes of 
magnetic force ; and Theunson therefore decided to regard 

* Phil* Mag. zxxi (1891), p. 149; Thomson's liecensi UtBearchet in EUeU and 
Mag, (1893), chapter i. 
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magnetism as the secondary effect, and to ascribe magnetic 
fields, apt to the presence of magnetic tubes, but to the motion 
of electric tubes. In order to account for the fact that magnetic 
fields may fx)cur without any manifestation of electric force, he 
assumed that tubes eiist in great numbers everywhere in space, 
either in the form of closed circuits or else terminating on atoms, 
and that electric force is only perceived when the tubes have a 
greater tendency to lie in one direction than in another. In a 
steady magnetic field the positive and negative tubes might be 
conceived to be moving* in opposite directions with equal 
velocities. 

A beam of light might, from this point of view, be regarded 
simply as a group of tubes of force which are moving with the 
velocity of light at right angles to their own length. Such a 
conception almost amounts to a return to the corpuscular 
theory; but since the tubes have definite directions per- 
pendicular to the direction of propagation, there would now 
be no difficulty in explaining polarization. 

I'he energy accompanying all electric and magnetic pheno- 
mena was supposed by Thomson to be ultimately kinetic energy 
of the aether ; the electric part of it being represented by rota- 
tion of the aether inside and about the tubes, and the magnetic 
part being the energy of the additional disturbance set up in 
the aether by the movement of the tubes. The inertia of this 
latter motion he regarded as the cause of induced electrojnoiive 
force. 

There was, however, one phenomenon of the electromagnetic 
field as yet unexplained in terms of these conceptions — namely, 
the ponderomotive force which is exerted by the field on a 
conductor carrying an electric current. Now any pondero- 
motive force consists in a transfer of mechanical momentum 
from the agent which exerts the force to the body which 
experiences it ; and dt occurred to Thomson that the pondero- 
motive forces of the electromagnetic field might be explained if 
the moving tubes of force, wdiich enter a aanductor carrying a 
current and are there dissolved, were supposed to possess 
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mechanical momentum, which could be yielded up to the 
conductor. It ia rei^dily seen that siich momentum must be 
directed at right angles to the tube and to the magnetic 
induction — a result which suggests that the momentum stored 
in unit volume of the aether may be proportional to the vector- 
product of the electric and magnetic vectors. 

For this conjecture reasons of a more definite kind may be 
given.* We have already seenf that the ponderomotive forces 
on material bodies in the olectromagnotic field may be accounted 
for by Maxwell's supposition that across any plane in the aether 
whose unit normal is N, there is a stress represented by 

P»-(D.ir>E - i (D.E)H + (l/4»r)(B.H)H-(l/8ir) (B.H)ir. 

So long as the field is steady (i.e. electrostatic, or magnetostatic) 
the resultant of the stresses acting on any element of volume of 
the aether is zero, so that the element is in equilibrium. But 
when the field is variable, this is no longer the case. The 
resultant stress on the aether contained within a surface H is 

//Pw.fAS’ 

int^puted over the surface ; transforming this into a volume- 
integral, the term . N) E gives a term div B . E + (D . V) E, 
where V denotes the vector oj)erator (9/9a;, 9/&y, 9/9*) ; and the 
first of these terms vanishes, since B is a circuital weetor ; 
the term - ^ (B . £} N gives in the volume-integral a term 
J grad (B . E) ; and the magnetic terms give similar results. 
So the resultant force on unit-volume of the aether is 

(B.V)E+ Jgrad(B.E) + (l/4w) (B . V) E + (l/8ir) grad (B . H), 

which may be written 

[curl E . B] + (l/4ir) [curl H . B] 5 

* The hypothesM that the aether is a storehouse of hieotiunical momentum^ 
which was first advanced by J* J. Thomson [Recent Retearchen in Elect, and Mag, 
(1893), p. 13), was afterward^ developed by H. Poincare, Archives Xeerl. (2) ▼ 
(1900), p. 262, and by M*.*ilbrubam, G6tt, Nnch., 1902, p, 20. 
tCf.p. 302. 
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or, by virtue qf the fundamental equations for dielectrics, 
[-B.D]+fi]j.B], or (0/af)[D.B]. 

This result compels us to adopt one of three alternatives: 
either to modify the theory so as to reduce to zero the resultant 
force on an element of free aether ; this expedient has not met 
with general favour ;* or to assume that the force in question 
sets the aether in motion: this alternative was chosen by 
Helmholtz, f but is inconsistent with the theory of the aether 
wliich was generally received in the closing years of the century; 
or lastly, with Thomson, J to accept the principle that the aether 
is itself the vehicle of mechanical momentum, of amount LD.B] 
per unit volume. 

Maxwell's theory was now being developed in ways which 
could scarcely have been anticipated by its author. But although 
every year added something to the superstructure, the founda- 
tions remained much as Maxwell had laid them ; the doubtful 
argument by which he had sought to justify the introduction 
of displacement- currents was still all that was offered in their 
defence. In 1884, however, the theory was established^ on a 
* different basis by a pupil of Helmholtz', Heinrich Hertz 
{K 1857, rf. 1894). 

The train of Hertz' ideas resembles that by which Ampfere, 
on hearing of Oersted's discovery of the magnetic field produced 
by electric currents, inferred that electric currents should exert 
ponderomotive forces on each other. Ampere argued that a 
current, being competent to originate a magnetic field, must be 
equivalent to a magnet in other respects ; and therefore that 
currents, like magnets, should exhibit forces of mutual attraction 
and repulsion. 

* It was, however, adopted by 6. T. Walker, Aberration and the EUetromagnetie 
F\$ldt Camb., 1900. ^ 

t Berlin Sitzungsberichte, 1893, p. 649; Ann. d. Phys. liii (1894), p. 135. 
Helmholtz supposed tbe aether to behave as a frietiohless incompresnble fluid. 

+ Loc. cit. • 

{ Ann. d. Phys. xxiii«(1884), p. 84: English version in Hertz’s MiteeUmuom 
Papers^ translated by D. £. Jones and G. A. Schott, p. 273. 
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Ampere's reasoning rests on the assumption,) liat the mag* 
netio field produced by a current is in all rdspectn of tlie same 
nstuxe as that produced by a magnet; In other words, that only 
one kind of magnetio force exists. This principle of the “ unity 
of mimetic force” Herts now proposed to Supplement by assert- 
ing that the electric force generated by a changing magnetio 
field is identical in nature with the electric force due to electro- 
static charges; this second principle he called the ''unity of 
electric force/* Suppose, then, that a ^system of electric currents 
i exists in otherwise empty space/ According to the older 
theory, these cuiTents give rise to a voctor*potcntial ai, t^fpial 
to Pot 1 and the magnetic foitse Hi is the curl of at : while 
the electric force Et at any point in the field, produced hy the 
variation of the currents, is --it. 

It is now assumed that the electric foixje so pinwhiced is 
indistinguishable from the electric force which would be set 
up by elec^trostatic charges, and therefore that the system of 
varying currents exerts ponderomotive forces on electrostatic^ 
charges; the principle of action and reaction then requires that 
electrostatic charges should exert ponderomotive forces on a 
system of varying currents, and conse<iuently (again appealing i 
to the principle of the unity of electric force) that two systems 
of varying currents should exert on each other ponderomotive 
forces due to the variations. 

But just as Helmholtz, t by aid of tlui principle of conser- 
vation of energy, deduced the Existence of an electromotive 
force of induction from the existence of the ponderomotive 
forces between electric currents (i.e. variable electric systems), 
so from the existence of ponderomotive forces between variable 
systems of currents (i.e, variable magnetic systems) we may 
infer that variations in the rate of change of a variable niagnetic 
system give rise to induced magnetic forces in the suiTounding 
space. The analytical fonnulae which d^teiniine these forces 

• a “ Pot ^ U uBcdf to denote the «olution of the equation v'a + « 0, 

tCf. p. 243. 
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will be of the same kind as in Uie electric case; so that the 
induced magnetic force H' is given by an. equation of the form 

H'-a/c'iii.. 

*, - ■ ' 

where e denotes, .setie constant^ and bi, which is analegoois to; 
the vector-potential in the electric case, is a circuital vector - 
whose curl is the electric force Ei of the variable magnetic 
system. The value of bi is therefore (l/4ir) curl Pot Et : so 
we have 

I- 

This must he added to Hi. Writing Hj for the sum, Hi + HT, we 
see tfiat H? is the curl of Ea, where 

^ S' . 


and the electric foi*ce Ea will then be - da. 

This system is not, however, final ; for we must now perform 
the process again with these improved values of the electric 
and magnetic forces and the vector-potential ; and so we obtain 
for the magnetic force the value curl a^, and for the electric 
force tlie value - da, where 


1 9' iw 


S; I’ot «. * ^ Pot Pot 


47rY!» df ‘ 


This process must again be repeated indeiinitelr ; so finally we 
obtain for the magnetic foi'ce H the value curl a, and for the 
electric force E the value - 4, where 


1 - . 1 3* 

4irc’ ^ (4ireydt* 

1 ^ 
(47W‘)*0<* 
2 A2 


Pot Pot El 


Pot l^Ot Pot E| + . . . 
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It is evident that the quantity a thus defined satisfies the 
equation * 

«. «. 1 3 ’ 


or 


1 A’ c 

V^a- a« -47rL 


Tliis equation may be written 

a 

curl H « (l/r^)E -f 47rn 

while the equations H = curl a, £ =r> a give 


curl E - -- H. 

These are, however, the fumianiental equations of Maxwells 
theory in the form giv<,‘n in his iiumioir of 1868.* 

That Hertz's deduction is ingenious and interesting will 
readily l)e adiuittetl. That it is conclusive may scarcely Iks 
claimed: for the argument of Helmholtz regarding the induc- 
tion of currents is not altogether satisfactory; and Hertz, in 
following his master, is on no surer giJiuiul 

In the course of a <liscussionf on the vjilidity of Htntz’s 
assumptions, which followed the j)uhlieatiou of his papoi-, 
E. Aulinger^ brought to liglit a contradiction between the 
principles of the unity of electric and of magnetic force and 
the electrodynamics of Welder. Consider an electrostatically 
charged hollow sphere, in the interior of wiiich is a wire 
carrying a variable current. According to Weber’s tlujory, 
the sphere would exert a turning couple on the wire; but 
according to Hertz’s principles, no action would b(3 exerted, 
since charging the sphere makes no dilference to either the 
electric or the magnetic force in its interior. The experiment 
thus suggested would be a crucial test of the correctness of 
Weber’s therjry ; it has the advantage of requiring nothing 
but closed currents and electrostatic charges at rest ; but 
the quantities to be observed would be' on the lynits of 
observational accuiacy. * 

•Cf.p. 287. 

t liOrberg, Ann, d. Phys. zxvii (1886), p. 666 ; xxxi (1887), p. 131. 
Boitxmann, ibid, xxix (1886), p. 398. ^ Ann. d. Phy«. xxvii (1880), p. 119. 
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Afbr his, attempt to justify the Maxwellian equations on 
theoretical grounds, Hertz turned his attention to the possibility 
of verifying them by direct exiieriment. His interest in the 
matter had first been aroused some years previously, when the 
Berlin Academy pr?)po8ed as a prize subject "To establish 
experimentally a relation between electromagnetic actions and 
tlu‘ polarization of dielectrics.” Helmholtz suggested to Hertz 
tliat lie should attempt the solution ; but at the time he saw 
no way of liringing plieiKuiiena of this kind within the limits of 
observation. From this time forward, however, the idea of electric 
osf'illations was continually pres(mt to his mind ; and in the 
sju ing of 1886 he noticed an eil'ect* which formed the starting- 
point of his later researches. When an open circuit was formed 
of a piece of copjmr wire, tent into the foim of a lectanglc, 
so that the ends of the wire were separated only by a .sliort air- 
gap, and wheji this oix?u cireuit was connected by a wire with 
any jioint of a circuit througli which tlie spark-discharge of an 
induction-coil was taking place, it \\as found that a spark 
piissed in the air-gap of th(‘ ojien ein'iiit. This was explained 
by supposing that the change of potential, which is pn)pagated 
along the connecting wire from tlie induction-coil, reaches one 
end of the open circuit te'fore it reaches the other, so that a 
spark passes between them; ami the phenomenon therefore 
was r(‘garded as indicating a finite velocity of propagation of 
electric potential along wires.t 

* Ann. d. IMiys xxxi (1S87), p. 421. Hertz’s Electric Wnvcs^ translated by 
D. £. Jones, n. 

t Unknown to Hep/, the tiansniission of clettiic waves along w*ires had been 
observed in 1870 by Wilhelm von Bezold, Munchen Sitzungsbeiiciite, i (1870), 
p. 113 ; Phil. Mag. xl (1870), p. 42. “ If,” he wrote at the conclu^ion of a series 
of oxp(‘riments, “eleotrual >navesl)e sent into a wire insulated at the end, they 
will be reflected at that end. The phenomena which accompany this process in 
alternuting discharges appear to owe their origin to the interference of the 
advancing and reflected wa^es,” and, “an electric discharge travels with the 
^ame lupidity in wires *of equal length, without reference to the materials of 
which these wires a-o made.” 

The subject was investigated by 0. J. Lodge and Chaltoek at almost the 
same time as Hertz’s experiments were being carried out : mention was made of 
their researches at the meeting of the British Association in 1888. 
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Contiimmg his expeiiment8« Herts^ found that a spark 
eould be induced in the open or secondary cmuit even when it 
was not in metallic connexion with the primary circuit in wluch, 
the electric oscillations were generated; apd ho rightly inter- 
preted the phenomenon by showing that the secondary circuit 
was of such dimensions as to make the free period of elocti ic 
oscillations in it nearly equal to the pericxl of the oscillations 
in the primary cii-cuit; the disturUuiee which passed from one 
circuit to the other by induction woubi consequently be gnuitly 
intensified in the secondary eiixuiit by resonance. 

The discovery that sparks may Ik? produced in the air-gap 
of a secondary circuit, providetl it has the dimensions projHT 
for resonance, was of great imj>ortance: for it supplied a methotl 
of detecting electrical eflocta in air at a distance from the primary 
disturbance; a suitable detector was in fact all that was needed 
in order to observe the propagation of electric waves in free 
space, and thereby decisively test the Maxwellian theory. To 
this work Hertz now addressed himself.t 

The radiator or })riinary source of the disturhinces studied 
by Hertz may l>e constructed of two sheets of metal in the 
same plane, each sheet carrying a stilf wire which projects 
towards the other sheet and terminates in a knob ; the sheets 
are to be excited by connecting them to tlie terminals of «an 
induction coil. The sheets may be regarded as the two coatings 
of a modified Leyden jar, with air as the dielectric lx5tween 
them ; the electric field is extended throughout tlie air, instead 
of being confined to the iiaiTow space between the coatings, as 
in the ordinary Leyden jar. Such a disposition ensures that 
the system shall lose a large part of its energy by radiation 
at each oscillation. 

• Loc. cit. 

t Sir Oliver Lodge was about this time independently, studying electric oscilla- 
tions in air in connexion with the theory of lightning-conductors : of. IxHlge, 
Phil. Mag. xxvi (1888), p. 217. 8o long befere as 1849, Joseph Henry, of 
Washington, had noticed that the indiictiye effects of the Leyden jar discharge 
could be observed at considerable distances, and bad even luggested a comparison 
with ** a spark from flint and steel in the cate of light.” 
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As in the jar discharge,* the electricity surges from one 
sheet to the other, with a period proportional to (CX)i, where 
0 denotes the electrostatic capacity of the system formed by 
the two sheets, and L denotes the self-induction of the 
connexion. The capacity and induction should be made as 
small as possible in order to make the period small. The 
detector used by Hertz was that already described, namely, 
a wiie bent into an incompletely closed curve, and of such 
dimiMisions that its free peruxl of oscillation was the same 
218 tluit of the primary oscillation, so that resonance might take 

I)l2lCC. 

Towards the end of the y«3ar 1887, when studying the sparks 
influci»il in the resonating circuit by the primary disturbance. 
Hertz noticedf that the phenomena were distinctly modified 
when a large mass of an insulating substance was brought 
into the neighboiuhood of the apparatus; thus confirming the 
principle that the changing electric pcdarization which is pro- 
duced when an alternating electric force acts on a dielectric 
is Ciip2ible of displaying electromagnetic elfccts. 

Slarly in the following year (1888) Hertz determined to 
verify ilaxwell’s theory directly by showing that electro- 
magnetic actions are propagated in air with a finite velocity.! 
For this purpose he transmitted the disturbance from the 
primary oscillator by two diffei*ent paths, viz., through the air 
and along a wire ; and having ex^wsed the detector to the joint 
influence of the two partial disturl)ances, he observed inter- 
ference between them. In this way he found the ratio of the 
velocity of electric waves in air to their velocity wdien conducted 
by wires ; and the latter velocity he determined by observing 
the distance In'tween the nodes of stationary waves in the wire, 
and calculating the period of the primary oscillation. The 
velocity of propagation of electric disturbances in air was in 


• C£. p. 253. , 

t Ann. d. Chys. zxitiv, p. .373. Eketrie (Eo^ish edition), p. 96. 
t Ann. d. Phya. xxxiv (1888), p. 561. Electne Ww$9 (English edition) p. 107. 
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this way shown to bo finite and of the same order as the 
velocity of light 

l^ter in 1888 Hertzf showed that electric waves in air are 
reflected af, the 8urfa(?e of a wall ; stationary waves may thus 
be produced, and interference may ho obtained between direct 
and reflected beams travelling in the same direction. 

The theoretical analysis of the disturbance emitted by a 
Hertzian radiator according to MaxwelFs theory was given by 
Hertz ill the following year.J; 

The effects of the radiator arc chiefly detcrmineil by the 
free electric charges which, alternately appearing at the two 
sides, generate an electric field by their presence and a magnetic 
field by their motion. In each oscillation, as the charges on 
the poles of the radiator increase from zero, lines of ele(;tric 
force, having their ends on these poles, move out>vard8 into 
the surrounding space. When the charges on the poles attain 
their greatest values, the lines cease to issue outwards, and the 
existing lines begin to retreat inwards towards the poles ; but 
the outer lines of force contract in such a way that their upi)er 
and lower parts touch each other at some distance from the 
radiator, and the remoter portion of each of these linos thus 
takes the form of a looj) ; ami when the rest of the lino of 
force retre*ats inwards towards the radiator, this loop lx?comes 
detached and is propagated outwards as radiation. In this 
way the radiator emits a series of whirl-rings, which as they 
move grow thinner and wider; at a distance, the disturbance 

• Hertz’s experinients gave the value 45/28 for the ratio of the velocity of 
electric waves in air to the velocity of electric waves conducted by the M-ires, and 
2 X 10*^ cnis. per sec. for the latter velocity. These numbers were afterwards 
found to be open to objection: Toincurc (Comptes Jtendus, cxi (1890). {1. 322) 
showed that the period calculated by Hertz was V2 x the true period, which wpuld 
make the velocity of propagation in air equal to that of light x V2. Ernst Lecher 
(Wiener Bericbte, May 8, 1890; Phil. Mitg. xxx (1890), p. 128), oxpciiincnting 
on the Telocity o£ propagation of electric vibrations in ^iros, found instead of 
Hertz's 2 x 10*^ cms. per sec., a value within two per* cent, of the velocity of 
light. E. Sarasin and L. He La Uive at Geneva (Archives des &. Phys. xxix (1893)) 
finally proved that the vel(^ities of propagation in air and along wires are equal. 

t Ann. d. Phys. xxxiv (1888), p. 610. Electric Wnvu (Ehglisli edition), p. 124. 

XJlfid.^ xxxvi (1889), p. L Electric Wavee (Kiiglish edition), p» 137. 
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is approxiraak^Iy a plane wave, the opposite sides of the ring 
representing Uie two phases of the wave. When one of these 
rings lias become detachell from the radiator, the energy con- 
tained may Hubsequ^ntly be regarded as travelling outwards 
with it. 

To <liscus8 the problem analytically* we take the axis of 
the radiator as axis of z, and the centre of the spark-gap as 
origin. The field may lie regarded as due to an electric doublet 
formed of a positive am* an equal negative charge, displaced 
from each other along the axis of the vibrator, and of 
moment 

sin i^nctjX), 

the factor being inserted to represent the damping. 

The simplest method of proceeding, which was suggested by 
J'itz Gerald, f is to form the retarded potentials (fy and a of 
L. Lorenz.J These are determined in terms of the charges and 
their velocities by the eciuations 

6 = 2 a- = 2 

whence it is readily shown that in the present case 


wluire 


^ - dF/dz, a = (0, 0, cF/ct). 


^'= — ^ sin^(./-r). 


» 


The electric and magnetic forces are then determined by the 
equations 

E = r® grad ^ - a, H = curl a. 

It is found that the electric force may be regarded as com- 
pounded of a force ^ 2 , parallel to the axis of the vibrator and 
depending at any instant only on the distance from the vibrator, 
together with a force 0i sin (f acting in the meridian plane 

* Cf. Karl Pearson'aiu! A. Lee, Phil. Trans, cxciii (1899), p. 165. 

^ Brit. Assoc. Rep., Leeds (1890), p. 755. •• 

I Cf. p. 298. The ule of retarded potentials was also recommended in the 
lolloadng year hy Poincard, Coniptcs Rendus, cxiii (1891), p. 516. 
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perpendicular to Uie radius from the centre^ where depends at 
any instant only oii the distance from the vibrator; and 0 
denotes the angle which the radius makes with the axis of the 
* oscillator At points on the axis, and in^ the equatorial plane, 
the electric force is parallel to the axis. At a great distance 
from the oscillator, is small compared with ^i, so the wave is 
purely transverse. The magnetic force is dii^ected along circles 
whose centres are on the axis of the radiator; and its magnitude 
may be represented in the form ^^^sin 0, where dopcmls 
only on r and / ; at great distances frmii the radiator, is 
approximately e<|iial to 0,. * * . . 

If the activity of the oscillator bo supposed to be continually 
maintained, so that there is no damping, we may replace by 
zero, and may proceed as in the case of the magnetic oscillator* 
to determine the amount of energy radiated. The mean out- 
ward flow of energy per unit time is found to be ( 2 ;t/A)*; 
from which it is seen that the rate of loss of energy by radiation 
increases greatly as the wave-length decreases. 

The action of an electrical vibrator may be studied by the 
aid of mechanical models. In one of these, devised by Larmor,t 
the aether is represented by an incompressible elastic solid, in 
which are two cavities, corresponding to the conductors of the 
vibrator, filled with incompressible fluid of negligible inertia. 
The electric force is represented by the displacement of the 
solid. For such rapid alternations as are here considered, 
the metallic poles behave as perfect conductors; and the 
tangential components of electric force at their surfaces are 
zero. This condition may be satisfied in the model by suppos- 
ing the lining of each cavity to be of flexible sheet-metal, so os 
to be incapable of tangential displacement; the normal displace- 
ment of the lining then corresponds to the surface-density of 
electric charge on the conductor. , 

In order to obtain oscillations in the solid resembling those 
of an electric vibrator, we may suppose that* the two cavities 

• Cf. p. 346. • 

I Proc. Camb. PbiL duo. vli (1391), p. 156. 
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have the fom of semicircular tubes forming the two halves 
of a complete circle. Each tube is enkiged at each of 
its ends, so as to present a front of considerable area to the 
corresponding front a^ the end of the other tube. Thus at each 
end of one diameter of the circle there is a pair of opposing 
fronjbs, which are separated from each other by a» thin sheet 
of the elastic solid. 

The disturbance may be originated by forcing an excess of 
.litpiid into one of the enlarged ends of one of the cavities. This 
irn'olvcs displacing the thin sheet of elastic solid, which 
sejiarates it from the opjKxsing front of the other cavity, and 
thus causing a corresponding deficiency of liquid in the enlarged 
end bidiind this front. The Ihpiid will then surge backwards 
and forwards in each cavity between its enlarged ends ; and, 
the motion being communicated to the elastic solid, vibrations 
will be generated resembling thrtse which are produced in the* 
aellier by a Hertzian oscillator. 

In the latter part of the year 1888 the lesearches of Hertz* 
yielded more complete evidence of the similarity of electric 
weaves to light. It was shown that the part of the radiation 
from ail oscillator which was transmitted through an oiiening in 
a screen w'as propagated in a straight line, with ditfraetion effects. 
Of the other properties of light, polarization existed! in the 
original radiation, as was evident from the manner in which it 
was produced ; and polarization in other directions was obtiiined 
by passing the w aves through a giating of parallel metiillic w ires ; 
the component of the electric force parallel to the wires w'as 
absorbed, so that in the tiansiuitted beam the electric vibration 
was at right angles to the wires. Tliis ellect obviously rcsembled 
the polarization of ordinary light by a plate of tourmaline, 
liefractioii was obtained by passing the mdiation through 
prisms of hard pitcli.f 

* Ann. d. Ph\8. zxsfvi (18S9), p. 769 ; Mlecirie IP aves (EiigUsh ed.), p. 172. 

t Q. J. Lodge ttnd J. L. Howard in the same year showed that electric radiation 
might be refracted and concentrated by meana of large lenses. Cf. Phil. Mag. 
xxvii (1889), p. 48. 
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The old question as to whether the light^yeetbr is in, or at 
right angles to, the *plane of polarization* now •presenttsd itself 
in a new aspect. Thq wave-front of an electric wave contains 
two vectors, the electric and inaguetic, wlpch are at right angles 
to each other. Which of these is in the plane of polarization / 
The answer was furnishod by FitzGerald anil Tr<)uton,t wIjo 
found on reflecting Hertzian waves from a wall of masonry that 
no reflexiim was obtained at the polarizing angli' when Ihi^ 
vibrator was in the jdano of reflexii^. The^infereuee from this 
is that the imignetic vector is in the piano of polarization of the 
electric wave, and the electric vector i« at right angles to the 
plane of polarization. An interesting development followiMl in 
1890, when 0. Wiener^ suciisHled in photogi'aphing sUitionaiy 
waves of light. The stationary waves were ohlainisl by the 
composition of a beam incident on a mirror with the rellei'liMl 
Warn, and were photographed on a thin film of transparent 
collodion, placed close to the mirror and slightly inclined to it. 
If the beam useil in such an experiment is plane-polarized, and 
is incident at an angle of 45 , the stationary vector is evidently 
that tjeqieiidicular to the plane of incidence; 1ml Wiener 
found that under these conditions the effect was ohtaineil only 
when the light was polarized in the plane of incidence ; so 
that the chemical activity must bo asscxnaled witli the vector 
perpendicular to the plane of polarization — i.e., the electric 
vector. 

In 1890 and the years imineiliately following ap])cared 
several memoirs relating to the fundamjental equations of 
electro-magnetic theory. Hertz, after presenting^ the goneial 

* Cf. pp, IG8 etsqq, 
t Nature, xxxiz (1889), p. 391. 

} Ann. d. Phy«. xl (1890), p. *203. 01. a controversy regarding the results ; 
Comptes Rendus, cxu(1891)y pp« 186, 328, 329, 363, 3^3, 456 ; and .\nii.d. Phys. 
xli (1890), p. 154 ; xliii(l891), p. 177; xlviii (1893), p. 119. 

j Gott. Nacb. ISOO; p. 106; Ann. d. Phys. xl (1890)^ p. 577; Mleeifie Wwm 
(English ed.), p. 195. ^.In this memoir Herts advocated the form of the ei^iiations 
which Maxwell had used in his paper of 1868 (cf. Mupfa, p. 287) in preference to 
the earlier foitn, which involved the scalar and vector potentials. 
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content of Maxwell's theory for bodies at rest, procseeded^to^ 
extend the ec^uatiohs to the case in whiclv material bodies are 
in motion in the field. 

In a really comprehensive and correct theory, as Hertz 
remarked, a distinctioA should be drawn between the quantities 
which specify the state of the aether at every point, and those 
which specify the state of tiie ponderable matterentangled with 
it. This anticipation has been fulfilled by later investigators; 
but Hertz considered tliat llie time was not ripe for such a 
eoinpleie theory, and preferred, like Maxwell, to assume that 
the .stiite (»f the compound system — matter plus aether — can be 
specified in tlie same way when the matter moves as when it is 
at njst ; or, tis Hertz himself expiessed it, that “ the aether 
contiiined within ponderable bodies moves with them.” 

Maxwell’s own hypothesis wiili regard to moving systemsf 
amounted merely to a modification in the equation 

B “ curl E, 

which represents the law that the electromotive force in a 
closed circuit is measured by the rate of decrease in the number 
of lines of magnetic induction which pass through the circuit. 
This law is true whether the circuit is at rest or in motion : but 
in the latter case, the £ in the equation must be taken to be the 
electromotive force in a stationary circuit whose position 
momentarily coincides with that of the moving circuit; and 
since an electromotive force [w . B] is generated in matter by 
its motion with velocity w in a magnetic field B, we see that E 
is connected with the electromotive force E' in the moving 
ponderable body by the equation 

E' = E + [w . B], 

so that the equation of electromagnetic induction in the moving 
bo<ly is 

B s= - curl E' ^ curl [w . B]. 

♦ Ann. d. Phya. xli (1800), p. 369 ; Electric Jl'aves (English ed.), p. 241. 

The propagation oh light through a moving, dieleelrio had been discussed 
previously, on the basis of Maxwell's equations for moving bodies, by J. J . Thomson, 
Phil. Mag. ix (1880), p. 284 ; Proc. Camh. Phil. Soo. v (1886), p. 260. 

tCf. p. 288, 
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Maxwell made no chun;;^ in the other oli'ctroiiin);iietie 
etjuations, which therefore retained the citatouiury ft'-mn 
. D = *E'/4irf’, div D = 0, '4ir(i 4 i)) » < «irl H, 

Hertz, howe\’er, imiiressed by the d|iality nf »*lei‘triii ami 
magnetic phenomena, modilied the last of thf.st! e(|natioiis by 
assnming that a magneti<‘ force 4n-[D.wj is generateil in a 
dielectric which moves with vel«»city w in an electric field ; such 
a force would Ih* the magnetic iinalogue of tlie elect roinoliv«t 
force of indnetion. A term invujli'ing cnrl |D.w] i.s then 
introduced into the last eipiutioii. 

The theory of Hertz resenible.s in many lesjH'cts that of 
Heaviside,* who likewi.se in.sisted much on the tlnjih'X nature 
of the eleetromagnetb' field, and was in eoiiRetjuence «lisjiu.se>l 
to accept the U'nn involving curl [D . w] in the eijuatiens of 
moving media. Heaviside ret-'ognized more clearly than hi.s 
preileee.ssors the distinction ltelwt*en the force S', which 
determines the flux D, and the force S, whose curl rejireseiits 
the electric current; and, in conformity with his piinciplc of 
duality, he made a siratlur distinction between the magnetic 
force H', which determines the flux B, and the force H, whose 
cnrl represents the “ magnetic current.” This distinction, as 
Heaviside showed, is of importance when the system is 
acted on by “ impreased forces," such as voltaic electromotive 
forces, or permanent magnetization; these latter must be 
included in B' and H', since they help to give rise to the fluxes 
II and B ; but they must nut t>e included in S and H, since their 
curls are not electric or magnetic currentsij so that in gemeral 
we have 

E' “ E + e, H' “ + h, 

where e and h denote the iiiipressed foypes. 

Develoxnng the the«»ry by the aid of these conceptions, 

Heaviside was led to make a further modification. An im~ 

* ^ ^ 

* Hfav»ide*s gonet^ theory* wii» pubiinhed in a eerie* of [lapers in tii» 
Electrician, from 1885 onward*. Hie earlier work woe republiehed in hi* 
Ekcirieal Papern (2 v/ol*., 189*2), aiidt hia Eleetrumapnetie Theory (2 voIh., 1894). 
Mention may he tpecially made of a memoir in Fttil. Trans, olxxxiii (1892), 
p. 423. * 
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primed fores best defined in terms of the energy which it 
eointiiiHiicateSito the system ; thus, if e be*an impressed electric 
fni'ce, the energy communfeated to unit volume of the electro- 
inagn(3tic system in unit time is e x the electric curroit. 
In order that this ^j^uation may be true, it is necessary to 
legard the electric current in a moving medium as composed 
< »f the conduction-cun ent, displaccment-ciin-eiit, convection- 
current, and also of the term curl [D.w], whose presence in 
the ecpiiition we have aji-eacly noticed. This may be called 
the current of dieleetric convection. Thus the total current is 

S => D + 1 + pw + curl [D.w], 

wliero pv denotes the conduction-current; and the equation 
connectiiif' current with luagnclic force is 
curl (H' - h„) = 4irS, 

wheic h„ denotes the impressed magnetic forces other than that 
induced by motion of the iue<Uum. 

We must now consider the advances which were effected 
during the period following the publication of Maxwell’s 
Treatise in some of the special problems of electricity and 
optics. 

We have seen* that Maxwell accounted for the rotation of 
the plane of polarization of light in a medium subjected to a 
mimetic field K by adding to the kinetic energy of the aether, 
which is I’epresented by ipe', a term J<r(e . curl 0e/00), where 
(T is a mi^ieto-optic constant characteristic of the substance 
through which the light is ti'aiisniitted, and olW stands for 
Ktdidx + Kydidif + K.djdz. This theory was developed further 
in 1879 by FitzOerald.t who brought it into clivser connexion 
with the clecti-oiuagnetic theory of light by identifying the curl 
of the displaceuieut e of the Hetheival particles with the electric 
displacement ; the derivate of e with i-espect to the time then 
corresponds to the nfivgnetic force. Being thus in possession of 
a definitely electromagnetic theory of the magnetic rotation .of 

* Cf. p. 308. • 

t Phil. Trans., 1879, p. 691. FKNfOerald’s Seient, frntw^s^ p. 45. 
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light, FitzGerald prix-mled to extend it so as t;» take acx^ount 
of a closely related idienumenon. , In 1876 .f. K^ ir* shown 
experimentally that when plane- polarizeil liglii is rt^gulnrly 
reflected from either |X)itM)f an iron eIe(.*troniagnrt, the rellected 
ray has a coiapunont {wdarized in a piano at rigid angles to the 
ordinary i*eflectod ray. Shortly after this ilisen\ery had been 
made known, FitzGeraldf hail proposeil to I'xpliin it hy iihmus 
of the same term in the tsjnation.s which iuroinds for the niug- 
iietic rotation of light in transparent J»odies. His iirgniniMit was 
that if the incident plane-polarized ray U' resolveil into two 
rays circularly f»olariz«‘d in opposite senses, the refractive ind(»x 
will have diflerent values for these two rays, and hence the 
intensities afti^r ndlexion will l>e diflerent; so that on re- 
coiuponnding them, two plane-jadarized rays will he ohiained-— 
one {Milarized in the plane of incidence, and the other polarized 
at right angles to it. 

The analytical discussion of Kiut's phenomenon, which was 
given hy FitzGerald in his memoir of 1879. was hiused on lln»so 
ideas; the most esstuitial features of the' phenomenon were 
explaimsl, hut the investigation was in some? res|x?cts im|K*i feet.* 
Anew and fruitful conception was introduced in 1879 1880, 
when H. A. Kowiand§ suggested a connexion l#etween tluj 
magnetic rotation of light and the phenomenon which had been 
discovered by his pupil Hail.tl HalFs cflect may 1>e ri^rded 

• Phih Mim. (5) iii (1877), p. 321. 

t Proc. K. 8. xxr (1877), p. 447 ; Fit*Oer»ld’* SeitHt, IFritiHffSf p. 9. 

I iJL Ijinaor’* remarlu in Iim ph tki Action oj Mnpnctim on Lights 

Brit« Aswe. 1893 ; nnd his ediUninl eominsnti in Fits Omld’s Stfiont{/le 
WrUingo. Lsnnor traced to its source an inconsistency in the equations by which 
Fits Gerald had represented ttie boundary-conditions at an interface between the 
media. Fits Gerald bad indeed made the mistake, siijUar to that which was so often 
made by the earlier writers on the elastie*solid theory of light, of forgetting that when 
a medium is assumed to be incompressible, the condition of incompressibility must 
be inUodueed into the variational equation of motion (aj was done oupra, p. 172). 
Larmor ^owed that when this correction was made,* new terms (resembling the 
terms in p, supra, p. 172) m'ade t^eir appearance; and th« inconsistency in the 
eq^tstions was thus rem^ed. 

f Amer. Jour. Hath* ii, p. 384, iii, p. 89; Phil. Hagi xi (1881), p. 264. 

I Cf. p» 321. • ^ 
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u'. a rotation o^ conduction-currents under the influence of a 
magnetic field; and if it bo assumed that displacement-currents 
in dielectrics are rotated in the same way, the Faraday efiect 
may evidently bo explained. Considering the matter from the 
analytical point of viJjw, the Hall effect may be represented by 
llni addition of a term k [Z.S] to the electromotive force, 
wlicre K denotes the impressed magnetic force, and S denotes 
the current: so Rowland assumed that in dielectrics there is an 
adilitional term in the electric force, proportional to [K . D], i.e. 
l>roportional to the rate of increase of [K . D]. Now it is 
universally true that the total electric force round a circuit is 
] proportional to the rate of decrease of the total magnetic 
induction through the circuit: so the total magnetic induction 
through the circuit must contain a term proportional to the 
int4*gral of [K . D] taken round the circuit : and therefore the 
magnetic inductioii at any point must contain a term proportional 
to curl [K.D]. We, may therefore write 

B ■= H + curl [K . D], 

where a denotes a constant. But if tliis be combined with the 
customary electromagnetic equations 

curl H = 4jrD, curl E = - B, D = eE/4!ro-, 

and all the vectors except B be eliminated (K being treated 
as a constant), we obtoiu the equation 

B - (cV«) V*B + (ff/4ir) curl (3*B/0«fl), , 

where d/dB stands for {K^/dx + K^jdy ; and this is 

identical ^with the equation which Maxwell had given* for the 
motion of the aether in magnetized media. It follows that the 
assumptions of Maxwell and of Bowland, different though they 
are physically, lead to the same analytical equations— at any 
rate so far as concerns propi^tion through a homogeneous 
medium. * * 

The coimexions of Hall’s phenomenon with the magneto 
rotation of light, and with the reflexion of ligltt from mngnatiwid 

• Cf. p.‘308. 
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metalB, woih) extensively stmlicd^ in thc^ yeiii ^ following the 
publication of IJowl^iul’s lucfunir: but it wa* mitil the 
modern tluwy of electrons had Unm deveh>iH?il tl »t a mi mfaetory 
representation of the molecular pi*<»eesst»s iiivol etl in nnignet4^- 
optic phenomena was attained. * 

The allied phenomonou of rotary j>Dlarizati»*u in natumlly 
active bodies was investigated in 1892 by <»oldhammer.+ It 

« 

* Tbetiimjof Bttuet (Phil. Trenit. etxxxii (ISOl), p. ^71) waa, like Rowland'*, 
\Aiad Oft th« idn of eitending Hall'a phetiom«>nan to dKdootrit; modiit. An objcc* 
to tKio tliooiy woo thot tho tongontiai coigponout of the iplootromotivo forro 
wot ft olooi rt io tt oftt «oroM the interface between e megiietiiMl emi on unmegnetixod 
, mocUiilft; lnitBMee|efthMqacmtlyovere4Uttethi«difBpiity(Noiiu^ 

{1^}, p« ISO; Amer. Jour. Math, aia (1897)^ |i« W)^tJio eiietit analogowi to 
IWs hii^ Intiodiieed into th« e<|iuiiion coimeet^ .Meotiio diaphioeatefit with 
the equation took the fona 

Btttett in 1898 (Proc. Comb. Phtl. 8o6«. viit, p. 68), derived analytteal 
eapreeaione which repnwent Kerr's magneto-optao phenometton by substituting a 
eomplea quantity for the lefracCive index in the formulae appUenble to transpaient 
magnetix^ aubs^ces. 

^ The magnetic rotation of light and Kerr't phonomenon have been in vest jgitted 
also by R. T. Olaxebniok, Phil. Mag. xt (1881), p. 397 ; by J. J. Thomson, 
Ji€€fnt Kftearehft, p. 48*2: by 1), A. Goldbammor, Ann. d. Pliys. xWi (1892), 
p. 71 ; xlvii (1802), p. 345; xlvui (1803), p. 740; I (1893), p. 772 ; by P. Drude. 
Ann. d. Phys. xlvi (1892), p. 363; xlviii (1893), p. 132; xlix (1893), p. 090 ; 
iii (1894)} p. 490 : by C. M. Wind, Venlogen Kon. Akad. Amsterdam, 29ih Sept., 
1894; by Keitf, Ai.n. d. Phya. Ivii (189(5), p, 281; by J. 0. I^tbem, Phil. 
Trans, cxe (1897), p. 89 ; Trans. Camb. Phil. Soc. xvii (1898), p. 10: and by 
W. Voigt in many memoirs, and in his treatise, Magneto- und Kleklto-optik. 
Larmor's rsport presented to the British Association in 1893 has been already 
mentioned. 

In most of the later theories the equations of propagation of light in magnetized 
metals ore derived from the two fundamental electromagnetic equations 

curl H « 4 w 8, >- curl E « H ; 

the total current 8 bein^; assumed to consist of a part (the displacement •current) 
proportional fb )i, a part (the ootiductioii -current) |»roportional to £, and a part 
proportional to the vector- product of £ and the magnetization. 

Various mechanical models of media in which magneto-optic phenomena take 
place have been devised at different times. W. Thomson (Proc. Lond. Math. Soc. 
vi (1876)) investigated the propagation of waves of displai’enient along a stretehed 
ehi^ whose links contain rotating 'fly -wheels: of. also*Larmor, Proc. Lond. Math. 
Seic. xxi. (1890), p. 423 ; xxiii (ISpi), p. 127 ; F. Hasenbhrl, <Wien Sitzungsberichte 
evii, 2a (1898), p. 1016 ;,.W. Thomson (Kelvin), Phil. Mag. xlviii (1899), p. 236, 
and BaUmare Leetnre»\ and FitzGerald, Electrician, Abg. 4, 1890, Fitz Cferald's 
ScimtyU Writinge^ p. 48t. f 'Joumol de Physique (3) i, pp. 205, 845. 
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\vill be rememV^red* that in the elastic-eolid theory of 
l>ous»iDe£iq|;, the rotation of the plane of polarization of 
Ra(*charine solutions had been represented by substituting the 
erjuation 

• e' « Ae + B curl e 
in place of the usual equation 

e' « Ae. 

Qoldliammer now proposed to represent rotatory power in the 
electromagnetic theory by substituting the. equation 
(4ir<^/€) D > 1 - A; curl D» 
in place of the customdry equation 

E-(4ircV€)D: 

{he constant k being a measure of the natural rotatory power 
of the substance concerned. The remaining equations are as 
usual, 

curl H « 4irD, - curl E = ®. 

Eliminating H and £, we have 

D « (cVc) V*D + t^/4ir) V* curl D. 

For a plane wave which is propagated parallel to the axis of x, 
this equation reduces to 

(d^Dj ^v^d^Dy k 
W iir 


1c d^Dy 

dP “ « 0«.* ^ iff ac’ ’ 


and, as MacCullagh had shown in 1836,t these equations are 
competent to represent the rotation of the plane of polarization. 

In the closing years of the nineteenth century, the general 
theory of aether and •electricity assumed a new form. But 
before discussing the memoirs in which the new conception was 
unfolded, we shall < 5 Qnsider the progress which had been made 
since the middle, of the century in the study of conduction in 


liquid and gaseous media. 


* Cf. p. 186. 


2B2 


tOf.p. 176. 
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CHAII'KK XI. 

COKOUCTION IN SOLUTIONS AND OASKS, VKOM FAltAlUY Tu 
J. J. TUOMSONj 

.IqrpttttMsis which «Gn>tluts8 an(i Davy had advanciHj* tc 
a^mm the decomposition of electrolytes was open to seriouii 
Igblplt' tu tnore than one resiajot. Since the electric force 
skqpposed first to dissociate the moleoalcs of the electrolyte 
ntb ions, and afterwards to set them in motion toward the 
^trodes, it would seem reasonable to expect that doubling 
ihe electric force would double both the dissociation of the 
nolecules and the velocity of the ions, and would thendorc 
luadruple the electrolysis — an inference which is not verified 
by observation. Moreover it might be expected, on Grotlinss* 
theory, that some definite magnitude of electromotive foico 
would be requisite for the dissociation, and that no electrolysis 
at all would take place when the electromotive force was below 
thi« value, which again is oantrary to exjierience. 

Away of escape from these diflicnlties was first indicated, in 

IBSO, by Alex. Williamson.t who suggested that in compound 

liquids decompositions and recombinations of the molecules arc 

continually taking place throughout the whole mass of the liquid, 

quite independently of the application of an external electric 

force. An atom of one element in the compound is thus paired 

now with one and now with another atom of another element, 

and in the intervals between these alliances the atom may be 

regarded as entirely free. In 1857 thiei idea was made by 

* 

* ci p. 7S, ' - ^ 

t riiii. Mag. laxvu (1860), p* 350; Liebig** Antiiilen d. Chem. it. Pbanti. 

Tk. 37. 
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• 

II. ClansiuB* of Zurich, the basis of a theory of electrolysis. 
Acconllng to it, the electromotive force emanating from the 
electrodes does not effedt the dissociation of the electrolyte 
into ions, since a degree of dissociation sufficient for the purpose 
already exists in consequence of the perpetual mutability of the 
molecules of the electrolyte. Clausius assumed that th^ ions 
are in opposite electric conditions; the applied electric force 
therefore causes a general drift of all the ions of one kind 
towards the anode, and of all the ions of the other kind towards 
the cathode. These opposite motions of the two kinds of ions 
constitute the galvanic current in the liquid. 

The merits of the Williamson-Clausius hypothesis were not - 
fully recognized for many years; but it became the fonhd||rii ^4 
of that theory of electrolysiB which was generally aoceiiiiiiid 
the end of the century. 

Meanwhile another aspect of electrolysis was receiving 
attention. It had long been known that the passage of a 
current through an electrolytic solution is attended not only 
hy the appearance of the products of decomposition at the 
electrodes, but also by changes of relative strength in different 
parts of the solution itself. Thus in the electrolysis of a solution 
of copper sulphate, with copper electrodes, in which copper is 
dissolved off the anode and deposited on the cathode, it is found 
that the concenti-ation of the solution diminishes near the 
cathode, and increases near the anode. Some experiments on 
the subject wei-e made by Faradayf in 1835 ; and in 1844 it 
was further investigated by Frederic Daniell and W. A. Miller,J 
who explained it by asserting that the cation and anion have 
not (as had previously been supposed) the same facility of 
moving to their respective electrodes ; but that in many cases 
the cation appears to move but little, whUe the transport., is 

effected chiefly by the anion. 

• . 

* Ann. d. Ph]rs. ri (1857), p. 338 ; Phil. Mag. xv (1858), p. 94. 

t JSxptr. Su, J§ 525-53C. 

^‘Phil. Trana., l8M,p. 1. Of. also Pouillet, Comptaa Bendna xx (1846), 
p. 1644. 
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Tliia idea was adopted by W. Hittorf » of Mdaster, who, in the 
years 1853 to 1859/ published*^ ^ series of memoirs on the 
migration of the ions* Let the velobity of the anions in the 
solution be to the velocity of the cation;) in tlm ratio v : u. 
Then it is easily seen that if (i« + r) molecules of the electrolyte 
are decomposed by the current, and yielded up as ions at the 
electrodes, v of these molecules will have been taken from the 
fluid on the side of the cathode, and u of them from the Uuid 
on the side of the anode. By measyring the concentration of 
the li|g[uid round the electrodes after the passage of a current, 
Hittorf determined the#atio v/u in a large number of cases of 
electroly8i8.t 

The theory of ionic movements was advanced a further 
stage by F. W. KohlrauschJ (6. 1840, d, 1910), of Wurzburg. 
Kohlrausch showed that although the ohmic specific conduc- 
tivity A: of a solution diminishes indefinitely os the stremgth 
of the solution is reduced, yet the ratio k/m, where m denotes 
the number of gramme-equivalent8§ of salt per unit volume, tends 
to a definite limit when the solution is indefinitely dilute. This 
limiting value may be denoted by A. He further showed that 
A may be expressed as the sum of two parts, one of which 
depends on the cation, but is independent of the nature of the 
anion ; while the other depends on the anion, but not on the 
cation — a fact which may be explained by supposing that, in 
veiy dilute solutions, the two ions move independently under 
the influence of the electric force. Let u and v denote the 
velocities of , the cation and anion respectively, when the 
potential difference per cm. in the solution is unity : then the 
total current carried through a cul^e of unit volume is ntE(u + v), 
where E denotes the electric chaige carried by one gramme- 

* Ann. d« Pbys. Unix (1853), p. 177 ; xcviii (1856), p. 1 ; ciii (1858), p. 1 \ 
eri (1859), pp. 337,618. , ^ 

t The istlo «/(» ^ f) was by lliitorf tlie Irtmpwt number of the anion. 

i Ana d. Phya. vi (1879), pp. 1, 146. The chief resuJta bid been coiiimunioattfd 
10 the iesdewy ef Ovuipgen h 1876 1877. 

i L «MHuaik ik tMM (d iJha talt w&ai eriight in gtiBUnei 

mOoessimt wedgtt <iiVi<fad fey the ril«wy tf/ Cfeo /oof. 
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equivalent of ion.* Thus mE (w + v) « total current « i » mX, 
or A « jSr (w + V?). The determination of %/% by the method of 
Hittorf, and of {u + t?) by the method of Kohlrausch, made it 
possible to calculategthe.absolute velocities of drift of the ions 
from experimental data. 

Meanwhile, important advances in voltaic theory were 
being effected in connexion with a different class of investi- 
gations. 

^ Suppose that two menQury electrodes are placed in a solution 
of acidulated water, and that a difference of potential, insufficient 
to produce dbntinuous decomposition of the water, is set up 
between the electrodes by an external agency. Initially a 
slight electric current — the polarizing current, t as it is called — 
is observed ; but after a short time it ceases ; and after its cessation 
the state of the system is one of electrical equilibrium. It is 
evident that the polarizing current must in some way have set 
up in the cell an electromotive force equal and opposite to the 
external difference of potential ; and it is also evident that the 
seat of this electromotive force must be at the electrodes, which 
are now said to be 'polarized. 

An abrupt fall of electric potential at an interface between 
two media, such as the mercury and the solution in the present 
case, requii’es that there should be a field of electric force, of 
considerable intensity, within a thin stratum at the interface 5 
and this must owe its existence to the presence of electric 
charges. Since there is no electric field outside the thin stratum, 
there must be as much vitreous as resinous electricity present; 
but the vitreous charges must preponderate on one side of the 
stratum, and the resinous chaiges on the other side ; so that 
the system as a who]^ resembles the two coatings of a con- 
denser with the intervening dielectric. In the case of the 

* i.o. E 18 96580 loifioubs. 

t The phenonieiittn o£ voltaio polari«ation was.discOTefed by Hitter in ISOS. 
Ritter explaineti It by compariiig'tlto action of the polarising current to that of a 
current which is used^to charge a condenser. Volta«iii 1805 put forward the 
alternative explanation, that the products of decomposition set up a revene 
eleotromotifo force. 
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■ * 

mercnty oAthode in addulated watev, ^ere maafc be 
mik electrode itscif a negative charge : Ihe aorface of tb» 
eleotrode in the polarized state may be supposed to be either 
DKE^ry, or mercury covered with a layer of hydrogen. In 
tiie solution adjacent to tbe electrode, there must be an excess 
of cations and a deficiency of anions, so as to constitute the 
other layer of the condenser : these cations may l)e either 
mercury cations dissolved from the electrode, or the hydrogen 
cations of the'solution. 

It was shown in 1870 by On>inwell Fleetwoml Varley* that 
a mercury cathode, thws polarized in addujated water, shows a 
tmidency to adopt a definite superficial fonn, as if the surface- 
tension at the interface U'tween the mercury and the solution 
were in some way dependent on the electric conditions. The 
matter was more fully investigated in 1873 by a young 
French physicist, then preparing for his inaugural thesis, 
Gabriel Dppinann.f In Lippinaiin’s instrumental disposition, 
which is calletl a caytilUry elntrometcr, mercury electrodes are 
immersed in acidulated water : the anode /T, has a large 
surface, while" the cathode H has a variable surface S small in 
comparison. When the external electromotive force is applied, 
it is easily seen that the fall of [wtential at the large electrode 
is only slightly affected, while the fall of potential at the small 
electrode is altered by polarization by an amount practically 
equal to the external electromotive force, Lippmann found 
that the constant of capillarity of the interface at the small 
electrode was a function of the external electromotive force, and 
therefore of the diflerence of potential between the mercury 
and the electrolyte. 

Let F denote the external electromptive force: we may, 
without loss of generality, assume the potential of H„ to be zero,^ 
80 that the potential of is - V. The state of the system may 
be varied by altering either .V or 8‘, we* assume that these 

a 

• Phil Trans, clxi (1/^1), p. 129. • 

tCouptef Bendtis Uxvi (1973), p. 1407. Phil. Mag. xlvii (1874), p. 281. 
Ann. de CMm. et de Phy*. v (1875), p. 494, zii (1877). p. 266. 
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alterations may be performed independently, reversibly, and 
isothermally, and {hat the state of the large electrode JETo is not 
altered thereby. Let de dbnote the quantity of electricity which 
passes through the ^11 from Hn to H, when the state of the 
system is thus varied: then if E denote the available energy of 
the system, and y the surface-tension at H, we have 


dE^ydiS^ Vde, 


y measured hy the gjork required to increase the surface 
when no (dectrieity flows through the circuit. 

In order that eqqilibrium may be re-established between the 
(dectrod(» and the solution when the fall of potential at the 
cathode is altered, it will be necessary not only that some 
liyilrogcn cations should come out of the solution and be 
deposited on the electrode, yielding up their charges, but also 
that there should be changes in the clustering of the charged 
ions of hydrogen, mercury, and sulphion in the layer of the 
solution immediately adjacent to the electrode. Each of these 
circumstances necessitates a flow of electricity in the outer 
circuit : in the one case to neutralize the charges of the cations 
deposited, and in the other case to increase the surface-density 
of electric chaige on the electrode, which forms the opposite 
sheet of tlie quasi-condenser. Let Sf {V) denote the total 
quantity of electricity which has thus flowed in the circuit 
when the external electromotive force has attained the value V. 
Thou evidently 

de^d\Sf{r)\: 

so 

dE r. \y + Vf(V)\dS ^ lW{V)dV. 

* m 

Since this expression must be an exact difierential, we have 


dV 


+/(n'0; 


80 that - dyIdV is. equal to that flux of electricity per unit of 
new sturface formed, which will maintain the surface in a 
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oonstaQt oondition (F being constant) when i* is extended. 
Zntcfublaiig the jirevibus eqnatiouf we have * 



tiiqpinaiui fovnd that when the external eleotromotive force 
' waa applied, the eurface-t^ion ineroased at first, until, when 
tile external electromotive force amounted to about one volt, 
tile surface*tension attained a maxiafum value, after which it 
din a iniah ed. He found that (PyjdV' waa sensibly independent 
of F, so that the curve which represents tile relation between 
y and Fis a parabola.* 

'llie theory so far is more or loss independent of assumptions 
as jto what actually takes place at the electrode: on this latter 
question many, conflicting views have been put forward. In 
1878 Josiah Willard Gibbs, t of Yale (ft. 1839, d. 190.’{), discussed 
the problem on the 8up])o.sition*tliat the polarising current is 
simply an ordinary electrolytic coudnction-current, which 
causes a liberation of hydrogen from the ionic form at the 
cathode. If this lie so, the amount of elwtricity which posses 
through the cell in any displacement must bo proportional to 
the quantity of hydrogen which is yielded up to the electrode 
in the displacement; so that dy/rfF must Iw proportional to 
the amount of hydi'ogen deposited per unit area of the 
' electrode.^ 

A different view of the physical conditions at the polarized 
electrode was taken by Helmholtz, § who assumed that the ions 
of hydrogen which are brought to the cathode by the polarizing 
current do not give up their charges there, but remain in the 
vicinity of the electrode, and form one fa(^ of a quasi-conden’ser 

* Uppman, Coniptes Rendus, zcv (1H82), p. 686, • • 

t Trana. Conn. Acad, iii (]876^1878)f pp. 108» 343; Gibba* Scientyk Pap 0 n, 
i,p.66. . • 

t This is embodied in4iqiiation (690) of Gibbs* memoir. 
f Berlin Monatsber., 1881, p.946; fPiia, MA, i, p. ^6; Ann. d* Phys* xtl. 
(1882), p. 31. Cf. also Planck, Ann. d. 'Phys. xHv (1891), p. 386. 
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of which the pther face is the electrode itself,* If <r denote 
the surface-deusity of electricity on eithcAr face of this <j^iasi- 
condenser, we have, therefore, 

(fo « i- cf(j8W) ; 80 <r « dyIdV. '' 

This equation shows that when dyidV is zero — i,e., when 
the surface-tension is a maximum — or must be zerd ; that is to 
say, there must be no difference of potential between the 
mercury and the electrolyse. The external electromotive force 
Is then balanced entirely by the discontinuity of potential at 
the other electrode ; and thus a method is suggested of 
measuring the latter discontinuity of potential All previous 
measurements of differences of |>otential had involved the 
employment of more than, one interface ; and it was not known 
how the measured difference of potential should be distributed 
among these interfaces ; so that the suggestion of a means of 
measuring single differences of potential was a distinct advance, 
even though the liyixitheses on which the method was based 
were somewhat insecure. 

A further consequence deduced by Helmholtz from this 
tiieory leads to a second method of determining the difference 
of potential between mercury and an electi’olyte. If a mercury 
surface is rapidly extending, and electricity is not rapidly 
' transferred through the electrolyte, the electric surface-density 
in the double layer must rapidly decrease, since the same 
quantity of electricity is being distributed over an increasing 
area. Thus it may be inferred that a rapidly extending 
mercury-surface in an electrolyte ds at the same potential as 
the electrolyte. 

This conception realized in the dropping-dtetrode^ in 

* The conception of double layers of electricity at the surface of separation of 
two bodies hud been air^y applied by Helmholta to explain yarious other 

phenomena — e.g., the Volta oontaot^difference of potential of two metals, fiictional 
eleotxioity, and ** eleofriu eudosmose,'’ or the transport of fluid which occurs when 
an electric current is passed through two bonducting liqi^nls separated by a porous 
barrier. Cf. Helmhulu, Berlin Monat^erichte, February 27, 1879 ; «dnn. d. Phys. 
▼ii (1879), p. 337 ; Helmholta, Wu$. AbM. i, p. 855. 
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which a jet of mereury, falling from a reservoir into an olwtro- 
lytic» solution, is so <adju8ted th»t it breaks iido drups when 
the '^t touches the solution. According to Helmholtz's 
OOndiasKm the^ no dtiferonce of potential bctw<ien the 
f^drops ai^ the electrolyte.; and therofilre the ditference of 
potehHal betwem the electrolyte and a layer of mercury 
uhderfyu^ it in the same vessel is equal to the diireronoo of 
pc^tial between this layer of raercuiy and the mercury 
in Hie upper reservoir, which difference is a measurable 
quantity. 

It will be seen that according to the Hieories Ixith of Gibbs 
and of Helipboltz, and indeed according to all other theories on 

the subject,* dyIdV is zero for an electrode whose surface is 

! 

^ tlialol Warburg, Ann. d. Phfi. xli (1890), p* 1. In thU it i» aMumed 

that the eleotitilytic sohittou n«ar the eteetrodm originally cuntHinn a miU oI 
mercury in aiduiion. When the external electnimotive fon e is applied, a ronduC' 
tion -current passes through the ele<-trolyte*, which in the body of the **lectrolyte 
is carried by the acid and hydrogen ions. Wathurg supposed that at the 
cathode tlte hydrugen tons n*act with tlto salt of men ury, reducing it tu metallic 
mercury, which is dopoaiicd on the «*]ectro<ie. Thus a oonsidcnible ihsnge in 
concentration ol the ^alt of mercury is caiiscfi at the cathode. At the anode, the 
acid ions carrying the current attack the mercury of ti*e electrode, and thus 
increase the local concentration of the mercuric salt ; but on accoiiiit of the sixe of 
the ano«le this increase is trivial and may l»o neglected. 

Warburg thus sijp]K)sod that the electromotive force of the polarixcd cell is 
reaUy that of a concentrati'Ui cell, depending on the differeut cuncentrationi of 
mercuric salt at the electrodes, lie found dyjd T to be eqmil to the amount of 
merenric salt at the catho«le per unit area of cathode, divided by the electro- 
ehemical equivalent of mercury. The equation previously obtained is thus 
presented in a new physical interpretathm. 

Warburg' connected ihe increase of the surface-tension with the fact that the 
surface-tension between mercury and a solution aUays increases when the con- 
centration ol the soliititin is diminished. His theory, of course, leads to no 
conclusion regarding the abaoluis potential difference between the mercury and the 
solution, as HelmhoUx* does. 

At an electrode whose surface is rapidly increasing — e.g., a dropping electrode— 
Warburg supposed that the surface-density of mercuric salt tends to aero, to 
dy/dV is aero. * 

The explanation of dropping electrodes favoured by Nemst, Bating^ tu dan 
Ann, d, Bhga. Iviit (1806), is that the difference of potential corresponding to the 
equilibrium between mercury nnd the electrolyte is instantaneouHy 
established ; but that i^s are withdrawn from the soliKion in order to form the 
double layer necessary for this, and thatr tboM ions are carried down with the drops 
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T-apidly increasing— e.g., a dropping electrode; that is to say, 
the diflbrence 4)f ^potential ijiietween air ordinary mercury 
electrode and the electrolyte, when the surface-tension has its 
maximum value, is eoual to the difTerence of potential between 
a dropping-electft)de and the same electrolyte. Tbia result bw 
been experimentally verified by various investigators, who hayo-/; 
shown that the applied electromotive force when^^ 
tension has its maximum value in the capillary electiome^, is ' 
equal to the electromotive^ force of a cell having as electrodes a 
laxge mercury electrode and a dropping electrode. 

Another memoir which belongs to the same period of 
Helmholtz’ career, and which has led to important develop- 
ments, was concerned with a special class of voltaic cells. The 
most usual type of cell is that in which the positive electrode 
is composed of a diflerent metal from the negative electrode, 
and the (^volution of energy depends on the diflerence in the 
chemical aHiiiities of these metals for the liquids in the cell. 
But in the class of cells now considered* by Helmholtz, the 
two electrodes arc composed of the same metal (say, copper) ; 
and the liquid (say, solution of copper sulphate) is more con- 
coiitrated in the neighbourhood of one electrode than in the 
neighbourhood of the other. When the cell is in operation, the 
salt passes from the places of high concentration to the places 
of low concentration, so as to equalize its distribution; and this 
prcxjess is accompanied by the flow of a current m the outer 
circuit tetweeii the electrodes. Such cells had been studied 
experimentally by James Moser a short time previouslyt to 
Helmholtz’ investigation. 

The activity of the cell is due to the fact that the available ’ 
energy of a solution depends on itsconcentretion ; the molecules 

of nieraiiry, until the upper layer of the eolutioii ie so much impoveiished that the 
double layer can no lon^^|;J)e formed. The impoverishment of the upper layer of 
the solution has actually been observed by Palmaer, Zeitsch. Phys. Ghem. xxv 
(1898), p. 266 ; xxviii*(i899), p. 257 ; xxxvi (19^1), p. 664. 

♦ Berlin Monatober., 1877, p. 718 ; PHil. Majj. (5) v (1878), p. 348; reprinted 
with additions in Ann. d! Phys. iii (18J8}, p. 201. 
t Ann. d. Phys. iii (1878), p. 216. 



382 


Couditction in ^iutions and Ga<eSy 


of salt, in passin); from a high to a low coiiwntration. u«j 
therefore capable of supplying eiietgy, just iHt a >'ompn>MHei| gas 
18 capable of supplying oiuu^y when "its degrw of conipressiiin 
is mluceil. To examine the matter quantitatively, hq. /»/)«/ D 
denote the term in the available energy ol a stitution, which is 
due to the dissolution «)f n gratiuiio-niolKudes of -'ait in u voliirne 
' V of pure solvent; the funeti«m / will of eojirsc dejH'ml idso on 
the temperatim*. Tlieu when «/n grammc-niolei ules of Nuhent 
are evapurateil from the Kolution. the dec‘re<n<e in the available 
energy of the system is evidently er^ual'to the available energy of 
(in gnumne-molecules of liquid solvent, less ^>e available energy 
of flfa ipranuoe-molecules of the vapour of the solvent, blether 
less «/!«/(!' -»rf»)j, where « denotes the volume 
' of ene iprunnMMnolecule of the liquids But this decrease in 
ewnlaUe energy must be equal to the medmnioal work supplied 
to Iffiie external world, which is da ip, (v' - v), if p, denote the 
vapour-pressure of the solution at the temperature in question, 
and d denote the volume of one gramme^molecale of vapour. 
We have therefore' 

du . p, (»' - v) s - available energy of dn ■ gramme-moleculeH of 
solvent vapour 

+ available energy of dn gramme-molecules of 
liquid solvent 
+ n/{nlV) - h/ { n/{V - 

Subtracting from this the e(j[uation obtained by making n zero, 
we have 

dn.\p,- jh) [d - v) - «/(»/ V) - «/( «/( V -vdn)\, 

where Pg denotes the vapour-pressure of the pure solvent at the 
temperature in question ; so that 

iPi *- P«) id-v)»- {n*IV*)f{nJV)v. 

Now, it is known that when a salt is dissolved in water, the 
vapour-pressure is dowered in |>roportion to^ the concentration 
of the salt— at any rate when. the concentration is small: in 
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fact, )iy tho law of Baoult, is approximately equal to 

//«/ y ; 80 thatCJ^he ftreviouB ecjuation becoqies 

V(‘v^ - v) = nf{n/ y). 

Neglecting v in cou^ariacjn with and making use of. the 
) i{uation of state of perfect gases (namely, 

=. ItT. 

where T denotes tho absolute temperature, and B denotes the 
constant of the equation of state), we have 

fihlV) = HTyjn, 

and therefore 

/(tt/D-ZeflogCn/F). 

Thus in the available energy of one gramme-molecule of a« 
dissolved salt, the term which depends on the concentration ia . 
proportional to the logarithm of the concentration and li^fj^ :: .. 
if in a concentration-cell one gramme-molecule of ‘^e tifedfr 'i 
passes from a high concentration at one electrode to a lew 
concentration C| at the other electrode, its available energy ia 
thereby diminished by an amount proportional to log (c,/e,)^ 
The energy which thus disappears is given up by the system in 
the form of electrical work; and therefore the electromotive 
force of the concentration-cell must be proportional to log (c,/c,). 
The theory of solutions and their vapour-pressure was* 
not at the time sufficiently developed to enable Helmholtz 
to determine precisely the coefficient of log («t/c,) in the 
expi-ession* 

An important advance in the theory of solutions was effected 
in 1887, by a young Swedish physicist, Svante ArrhOTiu8.t 

* The formula given by llelmhultz was that the electromotive force of the cell 
is equal to 6 (1 - a) r log (i^/ci), where cs an<i e\ denote the concentrationa of the 8olu> 
tion ht the electrodes, edenotdb the volume of one gramme of vapour ineqailibtium 
with the water at the temperature in question, n denotes the tmusport number fdr 
the cation (Iliitorf^s l/n), and b denotes q x the lowering of vapour-pressure when 
one gratiime-equivalcnt9^lt is dissolved in ^^nimmesof water, where q denotes 
a large number. ^ ^ 

t Zcitschrift fiir phys. Chem. i (1887), p.* 831. Previous investigations, in ' 
which the tlieory was (o some extent foreshadowed, ^dre published in Bihang:, 
till Svsnska Vet. Ak. Fdrh. viii (1884), N|>8. 13 and 14. 
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Interpreting the properties iliscovomi by Kolilrauw;li* in the 
light of the ideas of Williamson and CIttUHin;-,tii)giir>ling the 
spontaneoos dissociation of electrolytes, Arrhonins inferred tliut 
in very dilute solutions the eleetndyU) is (ionipb lely diHsiMUiited 
into ions, but that in more concentrateil* solutions the salt is 
less completely dissoeiate«i ; and that as in nil sulii lions tint 
trans])Oi't of electricity in the solution is ellectt il solely by the 
movement of ions, the fnjuivalent conductivity must Ik; pro- 
portiumil to the fraction which expresses the ilegrei> of ioni/atioii. 
By aid of tlmse conceptions it Insumfli isissihle to estiiiiat4' the 
dissociation tjuantitalively, ami to ci»ustmct a general theory 
of electrolytes. 

ConteiniKunry physicLits and chemists fouml it ditlieult 
at first to Isjlieve that a wilt exists in dilute sohiliou ludy 
in the form of ions. e.g. that the siHlium and chlorine exist 
separately and indeiumdeutly in a solution of eomnion .salt. 
Bat there is a certain amount of ehciuicul evidence, in favour 
of Arrhenius’ conception. For instanc.*', the tests in chemical 
analysis are really tests for the ions ; iron in tho form of a fer- 
rocyanide, and chlorine in the form of a chlorate, do not respond 
to the characteristic ’tests for iron ami chlorine respectively, 
which are really the tests for the iron ami chlorine ions. 

^ The general acceptance of Arrhenios' views was hastened 
by the advocacy of Ostwald, who brought to light further 
evidence in their favour. For instance^ all permanganates 
in dilute solution show tlie same purple colour ; and 
Ostwald considered their absorption-spectra to be identical 
this identity is easily acconnted for on Arrhenius’ theory, by 
suppo^g that the spectrum in question is that of the anion 
which corresponds to the acid radicle,. The blue colour 
which b observed in dilute solutions *of copper salts, e*'en 
when the strung solutiou is not blue, may 'in the same way bo 

•«g.p.»74. 

t I.e. ibe obntio tpeetflc conducUvity of the •olutiun divided by the number of 
gnunme*equivalentB of ealt per unit roltmie. 

I Ezaminiition of life spectra with higher dispersbri does not altogether 
eofifirm this eonclusbo. 
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ii scribed to a blue copper cation. A striking instance of the 
same kind is ftJdbrAed by ferric sulphocyafiide ; here the strong 
M:)lution sliows a deep red colour, due to the salt itself; but on 
dilution tlie colour disappears, the ions being colourless. 

If it be granted t\iat ions can have any kind of permanent 
i xistenco in a salt solution, it may be shown from thermo- 
dynamical considerations that the degree of dissociation must 
increase as the dilution increases, and that at infinite dilution 
there must be complete dissociation. For the available energy 
nf a dilute solution of volume F", containing gramme-molecules 
of oru^ substance, ;/a gramme-molecules of another, and so on, is 
(as may be shown by an obvious extension of the reasoning 
alnvidy employed in connexion with concentration-cells)* 

(^ + liT^nr log (n^/ y) + the available energy 

r r 

possessed by the solvent before the introduction of the solutes, 
where tpr (T) depends on T and on the nature of the solute, 
but not on F, and B denotes the constant which occurs in the 
equation of state of perfect gases. When the system is in 
equilibrium, the proportions of the reacting substances wUl 
be so adjusted that the available energy has a stationary 

value for small virtual alterations £ni, Sut, of the 

proportions ; and therefore 

0 « S8nr . + JSrsSnr . log (nr/V) + 

r r 

Applying this to the case of an electrolyte in which the 
disappearance of one molecule of salt (indicated by the suffix ,) 
gives rise to one cation (indicated by the suffix ,) and one anion 
(indicated by the suffix 3), have 8»i = - Sn, « - Sw®; so the 
i^uution becomes • 

0 « [T) - 0a {T) - 0s (T) + BT log (fii Vlntih) - BT, 

or ^ ^ 

F/7ia?is • a function of T only. 


♦Cf.pp.882-S88. 

a c 
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# 

Since in a ueuti*al solution tho uumUn* of is ♦^jual hi iln^ 

number of cations, this equation nmy be wrifu Ot* , 

- Vitx ^ a func tion of 7’ onl ; 

it shows that when V is very hirue iso that iIj * s«»hiiinn is \ery 
dilute), >*3 is very lart'e ei>nij>areil witli iu* t) .it i> to sav, the 
salt tends towards a state of eonijdett» diss(H'iaMi*ii. 

The hleuKS of AiTheniu.*' eonlributed to the .s a ers> oi Walt her 
Xernst* ia jjerfeciin^ Ilelmh»>li,c' iluiiuy of (Mije« iiiMtii»ii rolls, 
and nqnvsentin^ their nuHhanisin in a much nion* dotinili* 
fashion than hat! hemi thnie horoiofore. 

In an elec?trolylie soluti'Ui h-t the driii^vehHiiy nf ih«* 
cations under unit ohM*trie foroo )»o //, and that **f iho aniMiis 
i\ so that the fraetion tt • r of tht‘ curn ni is ii.insporiod 
by the cations, and the fniotioii < r) hy the anions. If the 
concentrathai of the .solution hi* / ^ at one eli‘otr«Mle. and r, at tin* 
other, it follows frcuii the f<»rmula previfiusly found for the 
available energy that one gramme -ion of entions, in moving 
from one electrode to the other, is ca{Mihlc of yielding up an 
amouutf RT log {cth'i) of energy ; while one gramme - ion 
of anions going in the opposite direction must absorb the same 
amount of energy. The total quantity of work furnisluHl when 
one gramme-molecule of salt is transferred fniia concentration 
0 % to concentration Ci is therefore 


« - t? 
n ^ V 


if 7* log 

C| 


The quantity of electric chaise which paaHCs in the circuit 
when one grainme>inolecnie of the Halt is tiansferred is pro> 
portional to the valency v of the ion8,jind the work furnislaHl 
is proportional to the product of this charge and the elcctnv 

fUr phyi. Oli«n. 4t (1888), p. ai3; 'ir (1889), p. 129; B«rlm 
BittinicriMriehte, 1889, p. ‘83 ; Ann. d. Pliyt. xlv (1802), p. 360. Cf. aUo 
Mh Plmdc, Ann. d. Pbp. xxxix (1800), p. 161 : xl (1800), p. 601. 

f Tb« Mrreet law oTdepwidence of th« available energy on the temperatuie waa 
by tbia tune known. '• 
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uiotivo force E of the cell; so that in suitable units we have 


E 


liTu--v 

V U ^ V 



A typiwil eoiiceritration-cell to which this formula may be 
may be constituted in the following way: — ^Let a 
quantity of zinc amalgam, in which the concentration of zinc 
is /‘i, be in contact with a dilute solution of zinc sulphate, and 
let this in turn be in contact with a quantity of zinc amalgam 
of concmitration Wher. the two masses of amalgam are con- 
ue(*te.d by a conducting wire outsule the cell, an electric current 
Hows in the wire from the weak to the strong amalgam,* while 
zinc cations pass through the solution from the strong amalgam 
to the weak. Tlie electromotive force of such a cell, in which 
ilu‘ current may be supposed to be carried solely by catipns, is 



Xot (jontent with the derivation of the electromotive force 
from considerations of energy, Xernst proceeded to supply a 
detinito mechanical conception of the process of conduction in 
electrolytes. The ions are impelled by the electric force asso- 
ciated with the gradient of potential in the electrolyte. But 
this is not the only force which acts on them ; for, since their 
available energy decreases as the concentration decreases, there 
must be a force assisting every process by which the concentra- 
tion is decreased. The matter may be illustrated by the analogy 
of a gas compressed in a cylinder fitted with a piston; the 
available energy of the gas decreases as its degree of compression 
decreases; and therefore that movement of the piston which 
tends to decrease the^ compression is assisted by a force— the 
“ pressure ” of the gas on the piston. Similarly, if a solution 
were contained within a cylinder fitted with a piston 'whieh is 
permeable to the pure solvent but not to the solute, and4f the 

whole were immersed in pure solvent, the available energy of 

•• 

* It will hardly be necessary to remi^k that this supposed diieotioii^of the 
current is purely conventional. 
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the system would W dw^roaseil if the pisloj wen' to nu»ve 
outwards so as to iuhuil moiv selveul into tl e Voluiiou ; uml 
therefore this movement of the piijton wouhl U* assisteil hy a 
force— the ‘"osmotic pressim' of the stduiiijn/* * > it is 

Consider, then, the caso of a siniile eh'ctrolyto Mipposed to 
be perfectly dissociated ; its stall* will he huj oommI lo h** the 
same at all points of any plane at rij^hi ani»le,v in ila^ axis <»f jr. 
I^t if denote the valency of the ions, and Tthe * h-etn** p«»t« nliiil 
atany point, Sineet the available envi':J:y of a ctveii (juantity of 
a suhetanee in very dilute s<>lntion dept'inlson liie eonei'iitratiofi 
in exactly the same way us the availahle eneiyy id a ^dven 
quantity of a perfi*ct dejH*nds on its density, it follows iliat 
the osmotic prtxssure p for each ion is determimHl in terms of 
the concentration and temjieratiin^ hy the eijuation of state 
oipeld&ot gases 

, . Mp « JtTe, 

where M denotes the molecular weight of the salt, and e the 
mass of salt per unit volume, 

, Consider the cations containcHl in a parallelopiped at the 
place X, whose cross-section is of unit area and whose length 
is dx, Tlie mechanical force acting on them due to tlie electric 
field is - (pcIM) d Vjdx . djc, and the meclianical force on them 
due to the osmotic pressure is -dpfdx.dx. If m denote the 
velocity of drift of the cations in a field of unit electric force, 
the total amount of charge which would l)e transferred by 
cations across unit area in unit time under the infiuence of the 
electric forces alone would be - (uvcIM) d Vjdx ; so, under the 
ii^fiuencc of both forces, it is 

%cuc/dV RT dc\ 

M\dx^ cv dx) 

Similarly, if v denote the velocity of driffTof the anions in a 

' * Cl. Taa’i Hoff, Sveoika Vet. -Ak. Handlingfir xxi (1886). No. 17 ; Zeitachrift 
fur Fhys. Chem. i (1887), p. 481. » 

t Aa loUowt from t)ie expreaaion obikineS, Mupra^ p. 383. 
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unit electric field, the charge transferred across unit area in 
unit time by the anions is ’ 

vvef dV RT dc\ 
dx cv tlx ) 

Wo liavo therefore, if the total current be denoted by t, 


or 


% ^ 


/ dV . 


V; 


RT dc 

~WdJr 


- —d ‘ = ' 

dn (w + v) vc^ ^ 


u -V RT dc - 

^ i;, 

ii -h- V VC dx 


The first term on the right evidently represents the product of 
tile current into the ohmic resistance of the parallelepiped dir, 
while the second term represents the internal electromotive 
force of the parallelepiped. It follows that if r denote the 
specific resistance, we must have 

M + f? = i//m, 

in i^nyeement with Kohlrausch’s equation ;* while by integrating 
the expression for the internal electromotive force of tiie 
parallelepiped dx, we obtain for the electromotive force of a 
cell whose activity depends on the transference of electrolyte 
between the concentrations Ci and <*,, the value 


or 


u - V RT f 1 dc , 

j~ dx, 

u + V V je ax 

u - V RT . c» 

1<^-, 

« + V V Cl 


in agreement with the result already obtained. 

It may be remarked that although the current arising from 
a concentration cell wtrich is kept at a constant temperature is 
capable of performing work, yet this work is provided, not by 
any diminution. in* the total internal energy of the cell, but by 
the abstraction Df thermal energy from neighbouring bodies. 
This' indeed (as may be seen by reference to W. Thomson’s general 

• Of. p'. 874. 
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t 

e<pialtoii of available energy)* muBt 1 k> the <aiJo with any 
syatom avaflatJe energy is exactly i>ro|H#rti«>ncl to the 

advances which were efleeted in the la**fe quarter of tho 
\ mnSAeentth oentoiy in regard to tho conduction of electricity 
throngb liquids, considerable though tliese advancoH were, may 
“ be re^krde<l as tlie natural development of a theory which had 
long been before the world. It was otherwise with the kindred 
problem of the comluction of eleciljticity through gases : for 
although many generations of philo-sophers had studied tho 
remarkable efl'eets whicli ai-e pmsented by the passage of a 
current through a raivlied gas, it was not tnitil rweut times 
that a satisfactory the<»ry of the phenomena was dis(‘overe<l. 

Some of the electricians of the earlier part of the eighteiuith 
century jH'rformed ex|auimeiits in vacuous spaces; in ]>articular, 
Hhnksbeet in 1705 ol^serveil a luminoHity when ghiss is nildunl 
in I'arefied air. lUit the first investigator of the (i(»utinu(»us 
discharge through a rarefied gas seems to have been Watson, J 
who, by means of an electrical machine, sent a current through 
an exhausted glass tul>e three feet Umg and thrcso inches in 
diameter. “It was,” he wroU?, “a most delightful spoctiuile, 
when the room was darkened, to see the electricity .in its 
passage : to lx? able to observe not, as in the open air, its 
brushes or ptmcils of rays an inch or two in length, but here 
the coniscations were of the whole length of the tulie between 
the plates, that is to say, thirty-two inches.'* Its appearance 
he described as being on different occiisions “of a bright silver 
hue,” “ resembling very much the most lively coruscations of 
the aurora borealis** and “ forming a continued arch of lambent 
flame.” His theoretical explanation was.that the electricity/' is 
seen, without any pretcniatural force, pusliing itself on through 
the vacuum by its own plasticity, in order to maintain the 

•Cf. p. 241. 

f Phil. Trans. xxiv*''<1705), p» 2165. Fni. Haukfbee, Ph^»ico»Mechm%:at 
JEipermentn^ London, 1709. 

* f. rti ^ OJ, /1752). o. 362. 
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liquilibvium in the ihachine ** — a conception which follows 
naturally from tlfe combination of Watson’s one-fluid theory 
with the prevalent doctrine of electrical atmospher^^ ly- 

A different explanation was put forward by 
performed eWlrical* experiments in rarefied air at about 
same time as Watson, f and saw in them a striking conflnnation 
of his own hypothesis of efflux and afflux of electric matter.^ 
Accoriling to Xollet, the particles of the effluent stream collide 
with tliose of the affluent stream which is moving in the 
opposite direction ; and bdng thus violently shaken, are excited 
to the point of emitting light 

Almost a century elapsed before anything more was dis- 
covered regarding the discharge in vacuous spaces. But in 
18:58 Faraday, § while passing a current from the electrical 
machine between two brass rods in rarefied air, noticed that 
the purple haze or stream of light which proceeded from the 
I>ositive pole stopped short before it arrived at the negative 
rod. The negative rod, which was itself covered with a con- 
tinuous glow, was thus separated from the purple column by 
a narrow dark space: to this, in honour of its discoverer, 
the name Faradatfs dark space has generally been given by 
subsequent writers. 

Tfiat vitreous and resinous electricity give rise to different 
tyi>es of dischaige hail long been known ; and indeed, as we 
have seen,!! it wiis the study of these differences that led 
Franklin to identify the electricity of glass with the superfluity of 
fluid, and the electricity of amber with the deficiency of it. But 
phenomena of this class are in general much more complex 
than might be supposed from the appearance which they 
present at a first examination ; and the value of Faraday’s 
discovery of the negative gUnv and dark space lay chiefly in 
the siinple and definite character of these features of the 
discharge, wbiclf indicated them as promising subjects for 
further research. Faraday himself felt the importance of 

* Of. oh. ii. t Joliet, Itcehef'ches sur rjSUeiricii^^ 1749, troioi^inediflcoiin. 

♦ Of. p. 40. § Phil. Trans., 1838 ; Jixper. J?«. i, J 1326. i| Of. p. 44. 
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inyeatigations in this direction. “The results connected with 
the different conditions of positive and negative. vtischaige,’* he 
wrote,* “ will have a far greater indneiice on the philosophy of 
electrical science than we at present iraagiue." 

Twenty more years, however, jjaasetl la^fore another nutahlo 
advance was made. That a subject so full of pnniiise should 
progress so slowly may appear strange ; but one rca.son at any 
rate is to be found in the incapacity of the air-pumps tiuui in 
use to rarefy gases to the degree re(juired for effective study 
of the negative glow. The invention of Geissler’s mercurial 
air-pump in 1855 did much to remove this diflicidty ; and it 
was in Geissler’s exhausted tulies that Julius Plucker,f of Bonn, 
studied the discharge three years later. * 

It had been shown by Sir Humphrey Davy in 1821 J that 
one form of electric discharge — namely, the arc between carbon 
poles — ^is deflected when a magnet is brought near to it. 
Pliicker now performed a similar experiment with the vacuum 
discharge, and olwierved a similar deflexion. Hut the most 
interesting of his results were obtained by examining the 
behaviour of the negative glow in the magnetic fiehl ; when 
the negative electrode was reduced to a single point, the whole 
of the negative light fjccame concentrated along the li^m of 
magnetic force passing through this point. In other words, 
the negative glow disposed itself as if it were constituted of 
flexible chains of iron fdings attached at one end to the 
cathode. 

Plucker noticed that when the cathode was of platinuQi, 
small particles were tom off it ami de|wsited on the walls of 
the glass bulb. “ It is most natural,” he wrote, “ to iinagine 
that the magnetic light is formed by the incandescence of these 
platinum particles as they arc tom from t^c negative electrode.” 
He likewise observed that during the discharge the walls of 

• Bieptr, i 1523 . 

t Ann. d. Pli7«. eiii (1858)/pp. 88, 151; eiv <L858), pp. Via, 822; ov (1858), 
p. 67; CTii (1856), p. 77^. PhiU Mug. svi (1858), pp. 119, 408; xviii (1859), * 
pp. 1, 7. *• * ♦ 

X PbU. Tntnft., 1821, p. 425. , 
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the tube, near the cathode, glowed with a phosphorescent lights 
and remarked* jthal the position of this light was altered when 
the magnetic field was changed. This led to another discovery; 
for in 18G9 Plucker’s^ W. Hittorf,* havmg placed a solid 
body between a point-catJiode and the phosphorescent light, was 
surprised to find that a shadow was cast. He rightly inferred 
from this that the negative glow is formed of rays which 
proceed from the cathode in straiglit lines, and which cause the 
phosphorescence when thcyr strike the walls of the tube. 

Hittorf’s oI)servation Vas amplified in 1876 by Eugen 
Goldstein, t who found that distinct shadows were cast, not 
only wlien the cathode was a single point, but also when it 
ftirined ail extended surface, provided the shadow-throwing 
object was placed close to it. This clearly showed that the 
cathixlc rays (a term now for the first time introduced) are not 
emitted indiscriminately in all directions, but that each portion 
of the cathode surface emits rays which are practically confined 
tc# a single direction ; and Goldstein found this direction to be 
normal to the surface. In this respect his discovery established 
an important distinction between the manner in wliieh cathode 
rays are emitted from an electrode and that in which light is 
emitted from an incandescent surface. 

The question as to the nature of the cathode rays attracted ’ 
much attention during the next two decades. In the year 
following Hittorf’s investigation, Cromwell Varley+ put forward 
the hypothesis that the rays are composed of “ attenuated par- 
ticles of matter, projected from the negative pole by electricity” ; 
and that it is in virtue of their negative charges that these 
particles are influenced by a magnetic field.§ 

During some years following this, the properties of highly 

* Ann. «l. Pbya. cxxxvi (iSC9), pp. I, 197 ; translated, Annales de Ohiinie, xvi 
(1809). p. 487. • . . 

t lierlin Munatsberichte. 1876, p 279. * 

tProc. Roy. Soc.*xix (1871), p. 236. . . 

* { Priestley in 1766 had shown that a current of ele^trihed air flows from the 

points of bodies which dte electrified either viiroously or resinously : ef • Piiestley’s 
HiMtoty o/JiUclf-iciiPf p. 691. 
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ara^ed gases were investigated by Sir William CrookeSt 
lotfiamK^^ doubtless^ by the idpas which \ver^ developed in 
connexion with his discovery of the radiometer, Crookes • like 
Varley, proposed to regard the cathotlo rays a molecular 
tori'ent : he supposed the molecules of the residual gas, e uuing 
into contact with the cathode, to acquire ir mi it a resinous < barge, 
and immediately to Hy off normally to tlu^ surfat e, by nuuson of 
the mutual repulsion exerttMl by sinulaily electrified 
Carrying the exhaustion to a higher degree. * 'roukes was en bled 
to study a dark s}uiee which under such cirenmstiiiices ap;oars 
between the oalliode and the eatbode glow ; ami to show that at 
the highest rarefactions this dark sjwci which Inis since In’cn gene- 
rally known by his name) enlarges until the wh<»lc lube is \ »i!inipied 
by it. He suggested that tin* thickness of the dark space may 
be a measure of the mean length of free path of the moh'cules. 
** The extra vchKaty," he wrote, ‘‘ with which the molecules 
relx)und from the excited negative pole keeps ba(*k the more 
slowly moving molecules which are advancing towards that pole. 
The conflict occurs at the boundary of the tlark space, where the 
luminous margin bears witness to the energy of the collisions. ”f 
Thu.s according to Crookes the dark space is dark and the 
glow bright l>ecau8e there are collisions in the latter and not in 
the former. The fluorescence or phosphorescence on the walls 
of the tube he attributed to the impact of the particles on 
the glass. 

Crookes spoke of the cathode rays as an " ultra-gaseous” or 
“fourth state” of matter. These expressions have led some 
later writers to ascribe to him the enunciation or prediction of 
a hypothesis regarding the nature of the particle? projected from 
the cathode, which arose some years afterwards, and which we 
shall presently describe ; but it is clear from Crookes’ meinbirs 
that he conceived the particles of the cathode rays to be 
ordinary gaseous molecules^ carrying electtic charges ; and by 

• Phil. Tnin». cMfl879), pp. m, 641 ; Phil. vii (1879), p. 67. 
t Phil. Mug. th (1879), p. 67. 
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** a new state ,of matter ” he understood simply a state in whicii • 
the free •path i« so long that collisions ma^ be disregarded. 

Crookes found tliat two adjacent pencils of cathode rays 
appeared to repel each other. At the time this was regarded as 
a direct confirmation of the hypothesis that the rays are streams 
of electrically charged particles ; but it was shown later that 
the deflexion of the rays must l>e assigned to causes other than 
nnitual repulsion. 

How admirably the molecular-torrent theory accounts for 
the deviation of the cathode lays l»y a magnetic field was shown 
by the calculations of Eduard Iliecke in IStSl.* If the axis of 
: Ik‘ taken parallel to the magnetic force //, the equations of 
motion of a jiarticle of mass in, charge r, and velocity (m, r, w) 
are 

mdujdt = rr//, mdrjdt = - euH^ mdirjdt = 0. 

The last eiiuation shows that the comjioneiit of velocity of the 
particle jiaiallel to the magnetic force is constant ; the other 
equations give 

M = A sin (cHtIm), r = A cos (eHtIm), 

showing that the projection of the path on a plane at right 
angles to the magnetic force is a circle. Thus, in a magnetic 
field the particles of the molecular torrent describe spiral paths 
wliose axes are the lines of magnetic force. 

Hut the hypothesis of Varley and Crookes was before long 
involved in difliciilties. Taitt in 1880 remarked that if the 
particles are moving with great velocities, the periods of the 
luminous vibrations received from them should be affected to a 
measurable extent in accordance with Doppler’s principle. 
Tait tried to obtain this efibct, hut without success. It may, 
however, bo argued tfiat if, as Crookes supposed, the particles 
become luminous only when they have collided with other 
particles, and have thereby lost part of their velocity, the 
phenomenon in^lue8tioll is not to Im? expected. 

♦ Gott. Nach., 2 Fllbruury, 18S1 ; reprinted, Ann. rff Phys. xui (1881), p. 191. 

t I’roc. Roy. Soc. Edinb. x (1880). p. 430. 
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The alternative t<» the meleouliir-terreiit tIuH ry i« to HHjijMtse 
that the cathode radiation is a disturlmnee of tir- ni'tlivr. 'I'iiis 
view was luaintaineii hy sevend uliysieists* ;.mi notably by 
Hertz, t who ivjectod Varley’s hy{)othesi« w;ioii bt' founrl 
experimentally that the niy« did not lo i>r»)diu:e any 

external deetrio or inagnetio furta*, and won* ippiirontly not 
affected by an electi'ostatic field. It wa.>(. b'-wevor, pointeii 
out by FitzGerald^ that extenuil spai-e is pr>il>ably son-oned 
from the effects of the rays by other ehn-trie actions which 
take place in the discharge tube. 

It was furUier urged against the chaiged-pirticlo thiviry 
tiiat cathode rays are capable of passing through films of metal 
which are so thick as to be quite opaque to ordinary light 
it seemed inconceivable that particles of matter should not be 
by even the thinnest gold-leaf. At the time of Hertz's 
experiments on the snbject, an attempt to obviate this ditKculty 
ryas made hy J.-J. Thomson, l! who suggested that the metallic 
film when bondxirded by the rays might itself acquire the 
properly of emitting chaigt<«l jrarticles, so that the rays which 
were observed on the further side rn'ed not have passed through 
the film. It was Thomson who ultimaUdy found the true 
explanation ; but this dependetl in part on another order of 
ideas, whose iutriHluotion and development must now ls.> 
traced. 

The tendency, which van now general, to .alraiidon the 
electron-thcorj' of Wclrer in favour of Maxwell’s theory 
involved certain changes in the conceptions of electric charge. 


* JB.g. £• Wiedemann, Ann. d. PhyB, x (1880), p. 202; tranalatod, Phil. Mag. 
X (1880) I p. 357. £. Goldatein, Ann. d. Phya. zii (1881), p. 240. 
t Ann. d. Phya. xix (1883), p. 782. 

{ Nature, Novemher 5, 1806 ; FitzQerald*8 fTrifinyi*, p. 4.33. 

i The penetrating power of the raye had been noticed by ilittorf, and by 
£. Wiedemann and £bert, Sxtzber. d. phya.«ined. Soc. zu,£riAngen, 1 Ith Dccemlier, 
1891. It waa inFestigated more thoroughly by flerta, Ann. d. Phya. zlv (1892), 
p. 28, and by Philipp I^enard, ol Bonn, Ann. d. Phya. li (1804), p. 225; lii (1894), 
p. 23, who condimted a aqpea of experimenta on cathode raya which had paiaed out 
of the discharge tube through a thin window of aluminium.^ 
n J. J. Thomaon. Rte§ni RettarehtB, m 126. 
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In tho theory of Weber, electric phenomena were attributed 
t' > tlui agency of 'stationary .or moving ehatges, which could 
most readily he pictured as having a discrete and atom-like 
e\iHt(>nce. Tlie conctcjitioii of displacement, on the other hand, 
whicih lay at the root of the Maxwellian theorj', was more in 
h.ii tnony with tlie rej)resentation of electricity as something 
Ilf a conlinnous nature; and as Maxwell’s views met with 
increasing acceptance, tiie atomistic hypothesis seemed to have 
entered on a period of decay. Its revival was due largely to the 
advocacy of Ilelndioltz,* 'wl)o, in a lecture delivered to the 
(.'hcmical Society of London in 1881, pointed outf that it was 
thoroughly in accord with the ideas of Faraday, $ on which 
Maxwell’s theory was fo)|inde(L “If,” he said, “we accept the 
hypothesis that the elementary substances are composed of 
atoms, we cannot avoid concluding that electricity also, poaitive 
as well as negative, is divided into definite elementary portions 
which behave like atoms of electricity.” , 

When the conduction of electricity is considered in the 
light of this hypothesis, it seems almost inevitable to conclude 
that tho process is of much the same character in gases as in 
electrolytes ; and before long this view was actively maintained. 
It had indeed long been known that a compound gas might be 
decomimscd by the electric discharge;. and that in some cases 
the constituents are liberated at the electrodes in such a way 
a.s to suggest gn analogy' with electrolysis. The question had 
l>een studieii in 1861 by Adolphe Perrot, who examined § the 
gases liberated by the passage of the electric spark through 
steam. He found that while the product of this action was 
a ilctonating mixture of hydrogen and oxygen, there was a 
decided preponderance of hydr<^n at one pole and of oxygen 
at the other. 

The analc^ of gaseous conduction to electrolysis was 
applied by W. Giese,|| of Berlin, in 1882, in order to explain 

* Cf, also O. JohnUone Stoney, Phil. Mag., May, 1881. 

f Jouiti. Chem. Soo. xxxix (1881), p. 277, ,• J Cf. p. 200. 

§ Annalaa de Chimie’(3), Ixi, p. 161. 

H Ann. d. Phya. xtU (1882), pp. 1, 236, 519. 
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the conductivity of the hot giisew of thuiien. 1 1 is a-s.iuiin il/* 
he wrote/* that in idectrolytes, uveu hef4>re*lhe Mjiplieation «if 
an external electnuiiotive h»rei\ then* are pn auu atoms or 
atomic groups — the imus, as they are eaUtHl — \vhi( li originate 
when the molecules tli'HsiKjiate ; hy these llie pas age of el4*i !ri- 
city through the liipiid is ellVrteil. fru* they are .s»*t in motion 
by the electric field and carry their charges with llu^nu We 
shall now extend this hypothesis by assuming that in gases 
also the property of conductivity is <Uie to the presence of 
ions. Such ions may be supiMXscd to exist in small iiuml^ers 
in all gases at the ordinary temperature and pressure,; and as 
the temj^rature rises their nitinViors will incmrse/* 

Ideas similar to this were presenl;^ in a general thctoi y of 
the discharge in rarefied gases, which was devised two years 
later by Arthur Schuster, of Manchester.^ Schustm* remarked 
that when hot lufuids are maintained at a high potential, the 
Xapouis which rise fnan tliem an^ found to be entin*ly fnn? 
from eloolrificati«m ; from which he inferred that a im»Iecnle 
striking an electrified stirface in its rapid motion eaiimil curry 
away any part of the ( harge, and that one molecule cannot 
communicate electricity to arnulier in an 4*ncomiter in vvhieh 
both muh^Miles remain inta<L Thus lu? was led to the ct»n- 
elnsion that «iiss»K*iulion of the gaseous iijohrculcs is uecossiiry 

for the passiige of (dectricity through gascs.t 

Schuster advocated the cliarge<bpai tide theory of c^ithode 
rays, and by extending and interpreting an experiment i»f 
Hittorfs was able to adduce strung evidence in its favour. 
He placed the positive and negative electrodes so close to each 
other that at very low pressures the Crookes* dark space 
extended from the cathode to iHjyond the anocle. In these 
circumstances it was found that the discharge from the positive 
electrcKle always passed to the nearest point of the inner 
boundary of the Crookes* dark space — which) of course, was in 

# Proc. Roy. Soc. xxxvii (1884), p. 317. 

t In the case ol an eK^montary gas, this would imply dissociation of the molecule 
into two atoms chemically alike, but oppositely charged ; in electrolysis the 
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I lie oppoHiU* (Ijrcetioii to the cathode. Thus, in the neighbour- 
li'iod of |h(3 p#i^iti\'e discharge*, the currerFt was flowing in two 
‘ pposite directions at closely adjoining places ; which could 
M*aicely hapjxni unless the current in one direction were 
rarried by jiarticles* moving against the lines of force by 
virtue of tlieir inertia. • 

(amtinuing his researclies, Schuster*' showed in 1887 that 
a st<»ady electric (uirrcuit may be obtained in air between 
electrodes whose diflerence of potential is but small, provided 
that an independent current is maintained in the same 
vessel; that is to say, a continuous discharge produces in 
the air such a condition that conduction occurs with the 
smallest electromotive forces. This effect he explained by 
aid of the hypothesis previously advanced ; the ions produced 
by the main dischaige become diffused throughout the vessel, 
and, coming under the influence of the field set up by the 
auxiliary electrodes, drift so as to carry a current between 
the latter. 

A discovery related to this was made in the same year by 
hi the course of the celebrated researchesj which have 
l»ceii already mentioned. Happening to notice that the passage 
of one .spark is facilitated hy the passage of another spark in 
its neighbourhood, be followed up the observation, and found 
the phenomeiiou to be due to the agency of ultra-violet light 
(unitted hy the latter .spark. It apjKmred in fact that the 
distance across which an electric spark can pass in air is 
greatly increased when light of very short wave-length * is 
allowed to fall on the spark-gap. It was soon found§ that the 
effective light is that which falls on the negative electrode 
of the gap; and Wilhelm HallwachsH extended the discovery 

♦ Prof. Hoy. Soc. xlii p. 371. llitiorf had discovered that very small 

electromotive forces are sufficient to cause a discharge aciossaspace through w*hicli 
the cathode radiation is posing. 

t Berlin Ber., 1887, p. 487 ; Ann. d. Phys; xxxi (1887), p. 983 ; EUetrie Wwtt 
(English ed.), p. 63. • 

tCf.p. 367. * 

§ By £. Wiedomanrf and Kbeit, Ann. d. Phys. z.\xiii (1888), p. 241. 

II Ann, d, Phys. xxxiii (1888), p. 301. • " 
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by showing that when a slu'et of niotal ih nirgaiivoly (•l<‘ctrific«i 
and exposcsd to viltra-viulot light, tin* adjacent -air ia thrown 
into a state which {terniits the charge to leak rapsdly away. 

Interest was now tliorougidy aroused in the itrobleiit of 
eondnetivity in gases; and it was generally felt that the tx'St 
ho|^ of divining the nature of the process lay in studying the 
disehaige at high rarefactions.. “ If a first step towards under- 
standing the relations between aether and ponderable matter is 
to be made," said Lord Kelvin in 189.3,* " it seems to me that 
the most hopeful foundation for it is knowledge derived from 
experiments on electricity in high vacuum.” 

Within the two following years considerable progress was 
effected in this direction. J. J. Thomson, f by a rotating-iuirror 
metibod, succeedeit in mcasnriug the velocity of the cathode rays, 
finding it to bo* 1'9 x 10’ cm./soc. ; a value so much smaller than 
that of the vclucity of light that it was scarcely [sissiblc to 
conceive of the rays as vibratiiins of the nether. .\ further 
blow was dealt at the latter liyp«»thesi8 wlu-n .lean lN.*rrin,§ 
having received the rays in a metallic cylinder, fouml that 
the cylinder bwame chaiged with resinous electricity. When 
the rays were deviatetl by a magnet in such a way that they 
could no longer enter the cylinder, it no longer acquired a 
charge. This ap[jeare<l to denionstmte that the rays transport 
n^ative electricity. 

With cathode rays is closely connectwl another type 
of radiation, which wa.s discovereil in December, 1895, by 
W., C. Ecintgen.!! The discovery seems to have originated 
in an accident : a photographic plate which, protected in the 
usual way, had been kept in a room in which vacuum-tube 
experiments were carried on, was found on development to show 
distinct markings. Experiments suggested by this showed 

♦ Proc. Roy. Soc. liv (1893), p. 389, ^ • 

t Phil. Hag. zxxviii (1891), p. S«58. 

t Ttie value found by the saiiiis investigator in 1897 waa ftitich larger than this, 

f Compte* Rendus, c\zi (1895), p. 1160. 

y Siizungeber. der Wiirsbiirger I*by«ikal. -Medic. OeselRctiaft, 1895 ; repriiitedy 
Ann. d. Pbys. Ixiv (1898)^ pp. 1, 12 ; translated, Nature, liii (1806), p. 274. 
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tliafc radiation^ riapable of affecting sensitive plates and of 
» ausing lluorcSceiiSe in certain substances, is emitted by tubes 
in whiclj the electric discharge is passing; and that the radia* 
tion proceeds from the place where the cathode rays strike 
the glass walls of tlm tube. The JT-my^, as^they were called 
by their discoverer, are propagated in straight Ii^.;and call 
neither be refracted by any of the substances 
light, nor deviated from their course by a magnetic field; 
they are moreover able to pass with little absorption through 
many substances which arfe opaque to ordinary and ultra-violet 
light — a property of which considerable use has been made 
in surgery. 

The nature of the new radiation was the subject of much 
speculation. Its discoverer suggested that it might prove to 
represent the long-sought-for longitudinal vibrations of the 
aether ; while other writers advcxjated the rival claims of 
aethcreal vortices, infra-red light, and “sifted*' cathode rays. 
The hypothesis which subsequently obtained general acceptance 
was first propounded by Schuster* in the month following the 
publication of Edntgeu's researches. It is, that the X-rays are 
transverse vibrations of the aether, of exceedingly small wave- 
length. A suggestion which was put forward later in the year 
by E. Wiechertt and Sir George Stokes^ to the effect that the 
rays are pulses generated in the aether when the glass of the 
discharge tube is bombarded by the cathode particles, is not 
really distinct from Schuster's hypothesis ; for ordinary white 
light likewise consists of pulses, as Gouy§ had showu, and ttie 
essential feature which distinguishes the Rontgen pulses is that 
the harmonic vibrations into which they can be resolved by 
Fourier’s analysis are of very short period. 

* Nature, January 23, 1896, p. 268. Fiu Qerald independently made the same 
suggestion in a letter CV J. Lodge, printed in the Electrician xxxvii, p. 372. 

t Ann. d. Phys. Jiz (1896), p. 321. 

X Nature, Septenft>cr 3, 1896, p. 427 : Proc. 6auib. Phil. Soc. ix (1896), p. 216 ; 
Mem. Manchester Lit. & Phil. Soc. zli (l89^-7). 

} Jouru. de I’hys. t*( 1S86), p. 354. 

2 to 
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The rapitlily ef th«* viliwliims tl ■; t.-iiliuT «»l ull 

atteiopts lu refiJU’t tint X-rays. , For in lift? t^ainul!^ 

* „ 1 

of the Max well -S»'Uiin*ier tlumry,' » *ieniiti's tli- fionn’iiey and 
80 is in this case extreimdy luiyo; wlienee we 1. i\e 

i.e., the refractive index of all siibsuiyies for the X-rays is iiniiy. 
In fact, the vibrations alternate too rapidly to liavt* an etliHd 
on . the alnggish systems which ate conccnnsi in refnudion. 

Some years afterwards H. ila^a and C. II. Wind.f having 
meastuned the diffiraction-pattems pnalucud by X-mys, conchidec] 
tiiaii IIk) waveJength of the vibrations coiiceriuHl was of tint 
oniin' bf one Angstrom unit, that is about 1/6000 of Uto wave- 
length of the yellow light of sotlium. ^ 

One of the most important proitertiea of X-my.s wohS 
discovered, shortly after the ruys themselves had U’^'oine known, 
by J. J. Tbonisou4 whoannoupccd that when they juuss through 
any substance, whether .sidid, liquid, or gaseous, they render it 
conducting. This he attributed, in aceordaime with the ioiiie 
tiieory of conduction, to “ a kind of electrolysis, the mol«*cule of 
the non-conductor being split up, or nearly split up, Ity the 
Kbntgen rays,” 

lire conductivity produce«l in gases by tliis ineuns was at 
once invc8tigated§ more closely. It was found that u gas wliicli 
had ac(|uired conducting power by cx^tosure to X-rays lost tliis 
quality when forced through u plug of glass -wikiI; whence 
it wan inferred that the structure in virtue of which the 
gas conducta is of so coarse a character that it is unable to 
survive the -passage through the hue pores of the plug. The 

> » 

• Cf. p. 2»3. 

t Proceeding* of tbe Ameterdniu Acad., March 26th, 1809 (BiiglUh edition, i, 
p« 420), and September 27th, 1902 (l&nglkh edition, v, p. 247). 

; Mature, February 27; 1896, p. 391. » 

} J. J. Thomson and £• Eutherford, Phil. Mag. xlii (1806), p. 692. 
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’•oiiductivity was also found to be destroyed when an electric 
c urrent was passed through the gas — a ^enoinenon for which 
a ]»arallel may be found in electrolysis. For if the ions were 
reinoviid from an electrolytic solution by the passage of a 
< nrr(*iit. the solutidn would cease to conduct as soon as 
sntluacmt electricity had passed to remove them all; and it 
may be supposed that the conducting agents which are produced 
ill a gas by exjiosure to X-rays are likewise abstracted from it 
wlien tluiy are employed to transport charges. 

The sairie idea may be applied to explain anotlier property 
of gases exposed to X-rays. The strength of the current 
through the gas depends both on the intensity of the radiation 
and also on the electromotive force ; but if the former factor be 
constant, and the electromotive force be increased, the current 
does not increase indefinitely, but tends to attain a certain 
** saturation ” value. The existence of this saturation value is 
evidently due to the inability of the electromotive force to do 
more than to remove the ions as fast as they are produced by 
the rays. 

Meanwhile other evidence was accumulating to show that 
the conductivity produced in gases by X-rays is of the same 
nature as the conductivity of the gases from flames and from 
tlie path of a discharge, to which the theory of Giese and 
Sohujter had already been applied. One proof of this identity 
was supplied by observations of the condensation of water- 
vapour into clouds. It had been noticed long before by 
John Aitkeii* that gases rising from flames cause precipita- 
tion of the aqueous vapour from a saturated gas; and 
11. von Helmholt*zt had found that gases through which an 
electric dischaige has been passed possess the same property. 
It was now shown *by C. T. R. Wilson, J working in the 
Cavendish Laboratory at Cambridge, that the same is true of 
gases which have Been exposed to X-rays. The explanation 

o 

♦ Trans. B. S. Edinb. xxx (ISSO), p. 337. 

t Ann. d. Pbys. xxxii (1887), p. 1. 

X Proc. Boy. Soo., Marah 19, 1896 ; Phil. Trans., 1897, p. 265. 

• 2 
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faruisbed by tho iomc theory is that in all tlim- eases the ^as 
contaiur ions which ■act as centses of oondou^lioit fur the 
vapotm » 

Doling the year which followed their discover)', the X>ray8 
were eo thoroughly examined that at the end of that })eriod 
wlere almost better underst^xal tlian tho cathode rays 
from which Uiey derived their origin. But the obscurity in 
whkh this subject had been so long involved was now to Iw 
dispelled. 

Lecturing at the Royal Iiistitniiou on April .‘50th, 1897, 
J. J. Thomsi>n advanced a new suj^estiun to rcf.uncih' th<» 
molecular-torrent hyputhesis with l^^imrd's ulmervatiouH of the 
passage of cathode rays through material ImhUcs. ■* We see 
from Lenartl’s table,” he .said, “ that a cathoih* ray eim travel 
througli air at atino.Hpheric pressure a distance of nbout half a 
centimetre iK’fore the brightness of the ph(KSphore.scence falls to 
about half its original value. Now the mean friH,> path of 
the molecule of air at this pres.sure is alauil 10 * cm., and if a 
molecule of air were projticted it would lose half it-s unuuentum 
in a space comparable with the mean free jiath. Kven if we 
suppose that it is imt the same molecule tliat is earrie<}, the 
effect of the obliquity of the colli.siuns wtmld reduce the 
momentum to half in a .shiiit multiple of that path. 

“ Thus, from Lenard’s exiwriments on the absorption of tho 
rays outside the tulw, it follows on the hyjsAhesis that the 
cathorle n,y» are charged particles moving with high velocities 
that the size of the carriers must be small coinparcd with the 
dimensions of ordinary atoms or molecules.* Tlie assumption 
of a state of matter more finely sulxlivided ^han the atom of 
an element is a somewhat startling one ; but a hypothesis that 
would involve somewhat similar consequences— >viz. that the 
so-called elements are compounds of some primordial element 
— has been put forward, from time tb lime by various 
chemists.” • 

* A rimilor sug^Mtioli was roads bf K. Wiecbsrt, Vetbandl. d. pbydk.-beoii. 
Geflell«ch. in KSnigsberg, Jan. 1897. 
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Ihoinsuu’s lecture drew from Fitz Gerald* the su^estion 
that “ we are' dealing; with free electrons m these cathode rays ” 
a remark the point of which will become mcMce evident when 
we come to consider the direction in which the Maxyi'eUian 
theory was being developed at this time. 

Shortly afterwards Thomson himself published ian a(icount^,ol 
experiments in which the only dutstanding objections to the 
charged-particle theory were removed. The chief of these was 
Hertz’ failure to deflect the cathode rays by an electrostatic 
field. Hertz had caused the rays to travel between parallel 
plates of metal maintained at different potentials ; but Thomson 
now showed that in these circumstances the rays generate 
ions in the rarefied gas, which settle on the plates, and annul 
the electric force in the intervening space. By carrying the 
exhaustion to a much higher degree, he removed this source ol 
confusion, and obtained the expected deflexion of the rays. 

Tlie electrostatic and magnetic deflexions taken together 
siiflice to determine the ratio of the mass of a cathode particle 
to the charge which it carries. For the equation of motion'ol 
the jKirticle is 

»ir = eE + c[v.H], 

where r denotes the vector from the origin to the position of 
the particle ; E and H denote the electric and magnetic forces ; 
e the ehaige, m the mass, and v the velocity of the particle, 
By observing the circumstances in, which the force cE, due to 
the electric field, exactly balances the force c [v . H], due to the 
magnetic field, it is possible to determine v; and it is readily 
seen from the above equation that a measurement of the 
deflexion in the magnetic field supplies a relation between v 
and m/e ; so both w and m/e may be determined. Thomson 
found the value of »a/e to be indeirendent of the nature of the 
rarefied gas : its amount was lO*’ (grammes/eleetromagnetie units 
of charge), which is only about the thousandth part of the value 
of m/c for the hydrogen atom in electrolysis. If the cha^ 

• Blecukian, May 21. 18S>7. t I’hil. Mag. iliv (1897), p. 2P8. 
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were supposed to b*; of the sjuuo order of nia^tii; ude as tliat on 
an electrolytic ion, it would lie nwoHSiny to *o<ti < lude that iho 
partiole whose mass was thus ineasiircd is iiuiei. Muallor than 
the atom, ami the e(>njt»ctinv iniiiltt 1 h* oiitortainc i that it is the 
primordial unitor covpusfle of which all aUniis ne nltiiiitit>‘|y 
eomiK)setl.* 

The natuit' of th»' resinowsly chaiu'cd coii-nsclcH which 
constitute catlmde rays iH'inj; thus far deteriiiii»c<i. it Ua'uinc of 
interest toinquire whether oorn*siHindin^' iKulies cMstcd carrying 
chaiges of vitreous electricity— a question to which til tiny nilo 
a provisional answer was given by W. Wieiit of Atichen in the 
same year. More than a decade previously E. Goldstein^ had 
shown that when the cathode of a discharge-tnho is {M'rforateil, 
radiation of a certain type jiasses outward Umaigh tlie per* 
fetraUons into the part of the tube behind the cathode. To 
l^u's radiation he hml given the name «?««/ n*i/s. Wien now 
showed that the canal rays are formed of positively charged 
{lartieles, obtaining a value of w/r inimcnsitly Itugcr than 
Thomson had obtained for the cuthoile rays, ami indw'd of 
the same order of magnitude as the conrcsiioiuling ratio in 
electrolysis. 

The disparity thus n^vesiled lietween the coriuisclcs of 
catluxle rays and the ixisitive ions of Goldsudn’s rays e.'tciled 
great intere.st; it seemed to offer a jirospect of c.\}»laining the 
curious differenees ’ixaween the relations of vitrmais ami of 
resinous electricity to ' ponderable matter. These phenomena 
had been studied by many previous investigators ; in 2 >articular 
Schuster, § iu the Bakcrian lecture of 18U0, had reiiiai kcd that 
“ if tlie law of impact is diif'orent between the molecules of the 
gas and the positive and negative ions respectively, it follows 
that the rate of diffusion of the two sets o'f ions will in general 
be different,” and had inferred from his theory of the discbaige, 

* The vnlue of mft for cathode rays was del ^riiitnccf also In the saint* year hy 
W. Kaufiiinnn, Ann. d. Thys. Ixi, p. 644. • 

t V(*rh«<ndl. d«fr phyiik. GeselN. zu Berlin, xvi (1807), p. 106; Ann, d. Phys. 
IxT (1898), p. 440. * \ 

{ Berlin Bitxuiigtber., 1886, p. 691. } Proc. B.S. xlvii (1890), p. 620. 
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i hat “ tlio negative iona diffuse more rapidly.” This inference 
wjis confirmed in*189H by John Zeleny/ who showed that of 
iht! ions jircjduced in air by exjxjsure to X-rays, the positive 
iire dt*cid»?dly less mobile than the negative. 

I'he magnitude of the electric charge on the ions of gases 
was not known with cei Lainty until 1898, when a plan for 
deferniining it was successfidly executed by J. J. Thomson-t 
Tlie principles on whicli this celebratc<l investigation was based 
are very ingenious. By measuring the current in a gas which 
is exposed to Kontgeu rays and subjected to a known electro- 
motive force, it is possible to determine the value of the product 
7 ICT, where v. denotes the number of ions in unit volume of the 
gas, c the charge on an ion, and 0 the mean velocity of the , 
positive and negative ions under the electromotive force. As 
V had' been already determined, J the experiment led to a 
determinati<tn of ne ; so if ii could be found, the value of 
might be de<luced. 

The method employed by Thomson to determine w ^’as 
founded on the discovery, to which we have already referred, 
that when X-rays pass through dust-free air, saturated with 
aoueous vapour, the ions act as nuclei around which the water 
condenses, so that a cloud is protluced by such a degree of 
saturation as would onlinarily Imj incapable of prcnlucmg con- 
ilensation. The size of the drops was calculated from measure- 
ments of the rate at which the cloud sank ; and.hy comparing 
this estimate with the measurement of the mass of water 
deposited, the number of drops was determined, and hence the 
numl^r n of ions. The value of t consequently deduced was 
found to be independent of the natiu-e of the gas in which the 
ions wore proiluced, being approximately the same in hydrogen 
08 in air, and being apparently in l«th cases the same as for 
the chaige carried by the hydnigen ion in electrolysis 

Since the publication of Thopisoii’s papers his general 
conclusions regarding the nia^iitudes of e and m/c for gaseous 

• Phil. Mag. xlTi B898J. p. 120. t Phil. M«g. xlvi (1898)? p. 628. 

J By B. Kutherforf, Mag. xUy^(18d7), p. 422. 
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ions have been ubundautly confirmed. It apjk^a h certain that 
eleotrio charge exists* in discrete •units, and 

each of magnitude 1*5 x 10 ** coulondw approx nimtely. Each 
ion, whether in an oleeli'olytic lit|uid or jin a gas, carries one 
(or an integral number) of these cimrges. ' An tdiHjtruIytiis itui 
also contains one or more atoms of matter; and a positive 
gaseous ion has a mass of the same order of magnitude as that 
of an atom of matter. Itut it is pcjssibla in many ways to 
produce bi a gas negative ions which ixto not attached to atoms 
of matter; for these the inertia is only aUmt one4honaandtb 
of the inertia of an atom ; and there is reason for believing 
that evem this apparent mass is in its origin purely electrical.* 

The cl^ising years of the nineteenth century saw the founds*^ 
tion of another branch of extierimental science which is closely 
related to the study of conduction in gases. When Ihiiitgeii 
announced his discovery of the X-rays, and dt»scril>e4l tlieir 
power of exciting phosphorescence, a iiuuil>er of other wt)rkc»rs 
couinienccti to investigate tins prop<n*tj' more eompleU'ly. In 
particular, Henri Keci|uercl resolvetl to exaiitiiie tlm ra*liaiioiis 
which are emitUHl by the ptmphoresceut double sulphate of 
uranitmi and [kit^issiuni after exinisuie to the sun. The result 
was communicate<i to the French Acailemy on February 24th, 
1896.t ** Let a photographic plate,’' he said. “ Ixt wnipjxnl in 
ifto sheets of veiy thick black paper, such that the plate not 
aSected by oxixmure to the sun for a day. Outside the {»a{x;r 
place a quantity of the phosphorescent sul^sUnce. ami expose 
the whole to the sun for several hours* When the phite is 
developed, it displays a silhouette of the phosphorescent 
substance. So the latter must emit radiations which are 
capable of passing through pa|)er opaque U) ordinary light, and 
of reducing salts of silver.*' 

At this time Becquerel supposed the radiatipn to have been 
excited by the exposure of the phosphorescent substance to the 
sun ; but a week later he announced^ that it j^rsisted for an 

p. 343. * t Coiitptes ReiiduK, ixxii (tStfO). p. 420. 

t Jbid,^ oxxii (March Jtpd, ISOOi, n. AOl. 
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indefinite tim§ after the substance had been removed from the 
; unlight, and 'after the lumibosity which* properly constitutes 
pliosphorcsceuue had died awdy ; and he was thus led to con- 
clude that the activity was spontaneous and permanent. It 
was soon found that those salts of uranium which do iiot 
phosphoresce — e.g., the uranous salts, — and the metal itself, all 
emit the rays ; and it became evident that what Becquerel had 
discovered was a radically new physical property, possessed by 
the element uranium in all its chemical compounds. 

Attempts were now made to trace this activity in other 
substances. In 1«98 it was recognized in thorium and its 
compounds;* and in the same year P. Curie and Madame 
Sklodowska Curie announced to the French Academy the 
separation from the mineral pitchblende of two new h^Uy 
active elements, to which they gave the names of poloniumt and 
radium.J A host of workers was soon engaged in studying the 
pmiwrties of the Becquerel rays. The discoverer himself had 
8hown§ in 1896 that these rays, like the X- and cathode rays, 
impart conductivity to gases. It was found m 1899 by 
Kutherfordll that the rays from uranium are not all of the same 
kind, but that at least two distinct types are present ; one of 
these, to which he gave the name a-rays, is readily absorbed ; 
while another, which he named /3-radiation, has a greater 
penetrating power. It was then shown by Giesel, Becquerel, and 
others, that part of the radiation is deflected by a magnetic field,^ 
and part is not.** After this Monsieur and Madame Curiett 
found that the deviable rays carry negative electric cha^, 


. By Schmidt. Ann. d. Phy... Ixr (1898), p. Ul ; »nd by Mndnme Curie, 
Comptc* Rendus, cxxvi (1898), p. 1101. 

t Compte* Rendua, cxxTii(18S8), p. >76. ^ ^ f ' 

t cxxii (1896), P. 669. fl PbA Mag. (5). xlvii (1899), p. 109. 

ioil Anl. d. Ayv Ixix (1899), p. 881 (working with i^omum) ; 
V nieael, an ? a (1899), p. 996 ■ (working w«h radium) : 

‘"‘*.”t"«erd. Colpte. Rendna. cxxik (1889i. p. 1205) ; cxs. (1900), pp. 206. 
872. Curie, ibid. cxax*(1900). p. 73. 

ttCouiptea Rendna, exxx (1900), p. 647. 
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and Becquerel* suoceodetl in deviating them by an electrostatic 
held. The deviable *or /3- rays were thus cleaxiy of ,the same 
nature as cathode rays; and when measurements of the electric 
and magnetic deviations gave for the ratiQ w/e a value of the 
order 10■^ the identity of the /J-particles*with the cathode-ray 
corpuscles was fully established. 

The 8iibse(|uent history of the now branch of physics thus 
created falls outside the limits of tlie present work. AVe must 
now consider the progress which was achieve<I in the general 
theory of aether and electricity in the last decade of the 
nineteenth century. 


* Comptes UoTidiis, e>xx {li)00), p. 809. 
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CHAPTER XII. 

THE THEORY OF AETHER AND ELECTRONS IN THE CLOSING 
YEARS OF THE NINETEENTH CENTURY. 

The attempts of MaxwellJ and of Hertzf to extend the theory 
of the electromagnetic^ field to the case in which ponderable 
bodies are in motion had not been altogether successful. 
Xeitlier writer had taken account of any motion of the material 
particles relative to the aether entangled with them, so that in 
both investigations the moving bodies were regarded simply 
as homogeneous portions of the medium which fills all space, 
distinguished only by special values of the electric and 
magnetic constants. Such an assumption is evidently incon- 
sistent with the admirable theory by which FresnelJ had 
explained the optical behaviour of moving transparent bodies ; 
it was therefore not surprising that writers subsequent to Hertz 
should have proposed to replace his equations by others 
designed to agree with Fresnel’s formulae. Before discussing 
these, however, it may be well to review briefly the evidence 
for and against the motion of the aether in and adjacent 
to moving ponderable bodies, as it appeared in the last decade 
of the nineteenth century. 

The phenomena of aberration had been explained by Young§ 
on the assumption that the aether around bodies is unaftected 
by their motion. But it was shown by Stokesjl in 1845 that 
this is not the only possible explanation. For suppose that 
the motion of the earth communicates motion to the iieighbour- 
iug portions of tUe j\jjther ; this may be regarded as superposed 
on tlie vibratory motion which the a^ethereal particles have 

• Of p. ‘288. • t Cf. p. 365, X Cf. p.4l6. § Cf. p. llo. 

}| Rhil. Mag. xxvii (1845), p. 9 ; xxvin (1846), p. 76; xxix (1846), p. 6. 
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when transmittiiig light : the orientation of the wave-fronts of 
the light will oonseqdently in general be alteied y^'and the direc- 
tion in whidi a heavenly body is seen, being nohnal to the wave- 
fronts will thereby be aObcted. But if the aethereal motion 
is irrotational, so that the elements of* the aether do not 
rotate, it is easily seen that the direction of propagation of the 
light in space is unaflected ; the luminous distiirlmnce is still 
propagated in straight lines from the star, while tlie normal 
to the wave-front at any point deviates from this line of 
propagation by the small angle where n denotes the 
component of the aethereal velocity at the poin':, resolved at 
right angles to the line of propagation, and c denotes the 
velocity of light. If it be supposed that the aether near the 
earth is at rest relatively to the earth's surface, the star will 
appear to be displaced towards the direction in which the 
earth is moving, through an angle measured by the ratio of 
the velocity of the earth to the velocity of light, multiplied by 
the sine of the angle between the direction of the earth’s 
motion and the line joining the earth and star. This is 
precisely the law of aberration. 

An objection to Stokes’s theory has been pointed out by 
several writers, amongst others by H. A. Lorentz.* This is, 
that the irrotational motion of an incompressible tluid is 
completely determinate when the normal component of the 
velocity at its boundary is given : so that if the aether were 
supposed to have the same normal component of velocity as 
the earth, it would not have the same tangential component of 
velocity. It follows that no motion will in general exist which 
satisfies Stokes’s conditions ; and the difficulty is not solved in 
any very satisfactory fashion by either of the suggestions which, 
have been proposed to meet it. One of these is to suppose that 
the moving earth does generate a rotational disturbance, which, 
however, being radiated away with the velocity of light, does not 
affect the steadier irrototional motion ; the o*ther, which was 


Archives Ncerli xxi (1896), p. 103. 
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advauced by PJUinck,^ is that the two oonditions ol StcAtes^s 
theory— nam4y» *that the jnotion of the aether is id be 
irrotational and that at the earth’s surface its velocity is to be 
the same as that of the earth — may both be satisfied if the 
aether is supposed to be compressible in accordance with 
Boyle's law, and subject to gravity, so that round the earth it 
is compressed like the atmosphere ; tlie velocity* of light being 
supposed independent of the condeiisation of the aether. 

Lorentz,f in calling atUmtion to the defects of Stokes's 
theory, proposed to con|hii1re the ideas of Stokes and Fresnel, by 
asKuining that the aether near the earth is moving irrotationally 
(as in Stokes's tlieory), but that at the surface of the earth the 
aethereal velocity is not necessarily the same as that of ponder- 
aide matter, and that (as in Fresnel's theory) a material body 
imparts the fraction f/x* - of its own motion to the aether 
within it. Fresnel’s theory is a particular case of this new 
theory, being derived from it by supposing the velocity -potential 
to be zero. 

Aberration is by no means the only astronomical phenomenon 
which depends on the velocity of propagation of light ; w^e have 
indeed seenj that this velocity was originally determined by 
observing the retardation of the eclipses of Jupiter's satellites. 
It was remarked by Maxwell§ in l‘S79 that these eclipses 
furnish, theoretically at least, a means of determining the 
velocity of the solar system relative to the aether. For if the 
distance from the eclipsed satellite to the earth be divided by 
the observed retardation in time of the eclipse, the quotient 
represents the velocity of propagation of light in this direction, 
relative to the solar system; and this will difter from the velocity 
of propagation of light relative to the aether by the component, 
in'this direction, of the sun’s velocity relative to the aether. 
By taking observations when Jupiter is in different signs of the 

* Cf. Lorentz, Prt>c. Amsteidam Acud. (Eughsh* ed.), i (1899), p. 443. . 
t Archivea Neerl. xzi (1886), p. 103 :«cf. also Zittins^vsrsl. Kon. Ak. Amster- 
dam, 1897-98, p. 266. • * 

i Gf. p. 22. i Proc. R. S. xxx (1880), p. 108. 
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zoiliac, it should therefore \\e possible to dotenniue the sun s 
velocity relative to the aether, oeat least tfiarcomp »v(Mit of it 
which lies in the ecliptic. 

The same principles may l)e applied, to the discussion of 
other astrouomiciil phenomena. Tlul^f the niiniimun of a 
variable sUr of the Algol type will 4)0 retarded or a cetdtu-ated 
by an intervarof time which is found by dividing the ])roje( lio!i 
of the radius from the sun to the earth on the dim lion from 
the sun to the Algol variable by the velocity, relative to the 
solar system, of propagation of light froi^i the variable ; ami thus 
the latter quantity may be dtHlueeil from observations of the 
retardation.^ 

Another instance in which the time taken hy light to cross 
an orbit influences an observable quantity is atVordod by the 
astrono^ of double stars. Savaiyt long ago remarked that 
when tlM plane of the orbit of a double star is not at right 
angles to the line of sight, an inequality in the apparent motion 
iuust be caused by the circumstance that the light from the 
remoter star hiis the longer journey to make. Yvon VillarceauJ 
showed that the effect might be represented by a constant 
alteration of tlie elliptic elements of the orbit (which alteration 
is of course beyond detection), together with a pcrio<lic 
inequality, which may be completely specified by the following 
statement : the apparent coordinates of one star relative to the 
other have the values which in the absence of this effect they 
would have at an earlier or later instant, differing from the 
actual time by the amount 

nil ~ iti2 z 

nil nix* d 

where mi and nix denote the masses of the stars, c the velocity 
of light, and % the actual distance of the two '“stars from each 

* Tbe velocity of light vas found from observatioiui of Algol, by 0. V. L. 
•Charlier, Ofveraigt af K. Vet.- Ah. Fdrhandl. zivi (1889), p.^623. 

t Conn, dee Temps, 1830. 

X Additions d la Conifaissonce des Temps, 1878 : an fhiproved deduction was 
given hr H. Seeliger, Sitzungsberichte d. K. Ak. zu Munchen, xix (1889), p. 19. 
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other ill the tiiuo wlien the light was emitted, resolved along 
the liiH* oJF sigh^ In the existing state of double-star astronomy, 
this ellect would Ixj masked by. errors of observation. 

Viliarceaii also examined the consequences of supposing 
that velocity of light dejiends on the velocity of the source 
by wlii< h it is emitted. If, for instance, the velocity of light 
from a ^Uxv (jcculted by the moon were less than the velocity of 
light icflected by the moon, then the apparent position of the 
lunar <lisk would be more advanced in its movement than that 
of the star, so that at yiiA‘.sion the star would first appear at 
some distance outside the lunar disk, and at immersion the star 
would be projected on the interior of the disk at the instant of 
its disappearance. The amount by which the image of the star 
could encroach on that of the disk on this account could not be 
so much as 0"^*71 ; encroachment to the extent of more than 
1" has lieen observed, but is evidently to be attributdl for the 
most part to other causes. 

Among the consequences of the finite velocity of propagation 
of light which are of importance in astronomy, a leading place 
must be assigned to the principle enunciated in 1842 by Christian 
Doppler,* that the motion of a source of light relative to an 
observer modifies the period of the disturbance which is 
received by him. The phenomenon resembles the depression 
of the pitch of a note when the source of sound is receding from 
the observer. In cither case, the period of the vibrations 
perceived by the observer is [c + v)/ c x the natural periotl, 
where ?? denotes the velocity vf separation of the source and 
observer, and c denotes the velocity o& propagation of the 
disturbance. If, e.g., the velocity of separation is equal to 
the orbital velocity of the eartli, tlie 1) lines of sodium, in the 
spectrum of the soui’ce will be displaced towards the red, as 
compared with lines derived from a terrestrial sodium flame, bs 
about one-tenth oi tlib distance lielw^eii them. The application 
of this principle to the determination pf 'the relative velocity of 


Abhaudl. der K. Gea. der WUseiisch. (5) ii (1842), p. 466. 
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stars in the line of sight, which has proved of great service in 
astrophysical research, was suggested by Fizeau \jn is 18,* 

Passing now from the astronomical observator) , we must 
examine the information which has Ix^en gained in tin* j)hysi<tal 
laboratory regarding tlie etl’ect 4>f the earih'a motion on optical 
phenomena. We have alreadyf referred to the in\ estigations 
by which the truth of Fvesners formula was tested. An 
experiment of a ditfereiil type was suggested in by 

Fizeau^ who remarketi that, unless the aether is cai i ied along 
by the earth, the radiation emitted hy^a ^errestrial source should 
have difterent intensitie.s in dilVerent direct it»ns. It was, how- 
ever, shown long afterwards hy LorentzS that such an experiment 
would not be expected on theoretical grounds to yield a positive 
result ; the amount of radiant energy imparted to an absorbing 
body is indei>endent of the earth's motion. A few ytrars later 
Fizeau investigatedil another possible etlect. If a beam of 
polarized light is sent oblu|uely through a glass plate, the 
azimuth of polarization is altered to an extent which depemts, 
amongst other things, on the refractive index of the glass. 
Fizeau performed this experiment with sunlight, the light 
being sent through the glass in the direction of the terrestrial 
motion, and in the opposite direction ; the readings seemed to 
differ in the two cases, but on account of experimental difficulties 
the result was indecisive. 

Some years later, the effect of the earth's motion on the 
rotation of the plane of polarization of light propagated along 
the axis of a quartz crystal was investigated by Mascart.1[ The 
re^t was negative, ^Mascart stating that the rotation could 
not have been altered by more than the (l/40,00())th part when 
the orientation of the apparatus was reversed from that of 

• t 

* An apparatus for demonstrating the Doppler-Fizeau effect in the laboratory 
was constructed by Belopolsky, Astrophys* Journal xiii (19Q1), p. 16. 

t Of. pp. 117-120. X d. t^bys. zeii (1864), p. 652. 

^ Pioc. Amsterdam Acad. (English edition), iv (1002) p.4178. 

H Annales de Chim. (8) IzTui (186p), p. 129 ; Ann. d. Phys. cxiv (1861), 
p. 654. •, 

H Annales de I’Ec. Norm. (2) i (1872), p. 157. 
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the l^rrestrial motion to the opposite direction. This was 
.afterwards coTkfinnod by Lorti Eayleigh/ who found that the 
alteration, if it existed, Qouid not amount to (1/100, 000)th 
part. 

In terrestrial meftiods of determining the velocity of light 
ihi? ray is made to retrace its path, so that any velocity which 
the tMrth might possess with respect to the luminiferous Qiedium 
would affect the time of the double passage only by an amount 
])roi>oi tioiial to the squar^ of the constant of aberration. t In 
1881, however, A. A. t^ichelson+ remarked that the effect, 
tliougli of the second order, should be manifested by a measur- 
fiblt) difference between the times for rays describing equal 
paths parallel and perpendicular respectively to the direction of 
tlu> earth’s motion. He produced interference-fringes between 
two pencils of liglit \vhich had traversed paths perpendicular 
to eacli other ; but when the apparatus was rotated through a 
right anglc^ so that the difference would be reversed, the expected 
displacement of the fringes could not be,perceive^. This result 
was regarded by Michefson himself as a vindication of Stokes’s 
theory ,§ in which the aether in the neighbourhood of the 
earth is supposed to be set in motion. LorentzU, however, 
showed that the quantity to be measured had only half the 
value supposed by Michelson, and su^ested that the negative 
result of the experiment might be explained by that combina- 
tion of Fresnel’s and Stokes’s theories which was developed in 
his own memoirif ; since, if the velocity of the aether near the 
earth were (say) half the earth’s velocity, the displacement of 
Michelson’s fringes would be insensible. 

• Phil. Mag. iv. (1902), p. 216. 

t The constant of aberration is the ratio of the earth’s orbital velocity to the 
vel&ity of light ; cf. tupra, p. 100. 

I Amer. Joum. Sci. xxii (1881), p. 20. His method was afterwards improved ; 
t f. Michelson and Mcrley^ Amer. Journ. Sci. xxxiv (1887), p. 333; Phil. Mag. 
xxiv(1887),p. 449. 

§Cf. p. 411. . . 

j| Arch. N6erl. xxi (1886), p. 103. On the Michelson -Morley experiment cf. 
also Hicks, Phil. Mag. iti (1902), p. 9. 

U Cf. p. 418. 
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A sequel to the ex}HM*iment of Sliehelson anti Mi>rley was 
performed in lft07, w*hen Miohels«»ii* aHemplei^*! * dqtiu'iniiie 
by experiment whether the ixdalke niotiiui of earth and aether 
varies with the vertical height alM)ve th^ terrestnal surface. 
No result, however, could Ih‘ <»hiaiiH'd fo iiitlieaie tliat the 
velocity of light deiK'iuls «»n thi‘ ilistanee from th“ of 

the earth; ami Miehelsoii eomduded that if tln*re wt^te luicliiiice 
but l>etween the theoiies of Fresnel and Slokt^s. ii would h«* 
necessary to adopt the latter, and to suppose that the earth's 
induenee the aether t*xemls to mai|k' thousiind kilomedrs 
above its surface. By this lime, however, as will suhsequently 
appear, a diflerent explaiiati(»n was at hand. 

Meanwhile tlie perplexity of lie* subject was increjus*?d by 
experimental results width pt»intetl in the opposite tliiwtion 
to that of Michelsou. In 1892 Sir Oliver Lodgef observed the 
interference between the two |H)rtiuns of a bifui'catetl U»axn of 
light, which were made to travel in oppo.siU' directions round 
a closed path in the s|:>ace betw«?en two rapiilly rotating stotd 
disks. The observations show<?<l that flu* velocity of light is 
not affected by the motion of adjacent matter to the extent of 
(l/200)th part of the velocity of the matter. Continuing his 
investigations, Lcxlge^ strongly niagnoti/ed the moving matter 
(iron in this experiment), so that the light was propagated 
across a moving magnetic field ; and electrified it so that the 
path of the lieams lay in a moving electrostatic field ; but in 
no case was the velocity of the light appreciably affected. 

We must now trace the steps by which theoretical physicists 
not only arrived at a solution of the apparent contradictions 
furnished by experiments with moving bodies, but so extended 
the domain of electrical science that it l>ecame iiecessaiy to 
enlarge the boundaries of space and time to contain it. 

The first memoir in which the new c;onceptions were 
unfolded] was published by H. A I.x)reritz§ in 1892. The 

♦Amer. Journ. S«i. (4) iii (1897); p. 476. 

t Phil. Tran*, clxxxiv jl893), p. Til * ' X clxxxix (1897), p. 149. 

$ Afchivet N6erl. xxv (1892), p. 363: the theorjf is given in ch.4v, pp. 432 
et tqq. 
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theory of Lorentz was, like those of Weber, Riemann, and 
Clausius,* a theory of electrons; that iff to say, all electro- 
dyiiauiical phenomena were ascribed to the agency of moving 
electric charges, which were supposed in a magnetic field to 
experience forces proportional to their velocities, and to com- 
municate these forces to the ponderable matter with which 
they might be a8sociated.+ 

In spite of the fact that the earlier theories of electrons 
had Tailed to fulfil the expectations of * their authors, the 
assumption that all ele^ tr% and magnetic phenomena are due 
to the presence or motion of individual electric charges was 
one to which physicists were at this time disposed to give a 
favourable . consideration ; for, as we have .seen,+ evidence of 
the atomic nature of electricity was now contributed by the 
study of the conduction of electricity through liquids and gases. 
Moreovci*, the discoveries of Hertz§ had shown that a molecule 
which is emitting light must contain some system resembling 
a Hertzian vibrator; and the essential process in a Hertzian 
vibrator is the oscillation of electricity to and fro. Lorentz 
himself from the outset of his careerjl had supposed the inter- 
action of ponderable matter with the electric field to be effected 
by the agency of electric charges associated with the material 
atoms. ^ 

The principal difference by which the theory now advanced 
by Lorentz is distinguished from the theories of Weber, 

• Cf. pp. 226, 231, 262, 

* Some writers have inclined to use the term ‘ electron- theory * as if it were 
specially connected with Sir Joseph Thomson’s justly celebrated dbcovery(cf. p. 407, 
tupra) ^at all negative electrons have equal charges. But Thomson’s discovery, 
though undoubtedly of the greatest importance as a guide to the structme <>f the 
universe, has hitherto exercised but little influence on general electromagnetic 
theory. The reason for this^s that in theoretical investigations it is customary 
to denote the changes of electro^ by symbols, si, fj, . . . ; and the equality or 
non-equality of these makes no difference to the equations. To t4ike an illustration 
from Celestial Mechanics, Jt would clearly make no difTerenee in the general 
equations of the planetary theory if the masses of , the planets happened to be 
all equal. 

♦ Cf. chapter xi. 

§Cf.pPv 867-363. • • . 

II Verb. d. Ak. v. Wetensebappen, Amstenhiiii, Deel xviii (1876). 
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Riemanii;^ and ClausiuH, and from L»n*ntz* i»wii * arlior work, 
lies in tho coneoptioif whioh is entertained of tin* pmim^ation 
of influence from one electron ti> another. In th«‘ ohlm* writ- 
ingSy the electrons wore iussunied to lx? capahlo <■!* acting on 
each other at distance, with fones •dejamding on tlieir 
charges, mutual distances, and veWitiea ; in the prostmi 
memoir, on the other luiml, the electrons were suppomi to 
inlei'act not directly with eath other. i»ut with tlu* medium in 
which they were emWdded. To this inediuni were ascriU^l the 
properties characteristic of the a4*thef* itil^Maxwell s theory. 

The only respect in which I.orent// nn'iUum diirered from 
Maxwells was in regard to the elfetUs ot the mi»tiuii of IkhUcs. 
Impressed by the success of Fresners Ijcautiful theory uf 
the propagation of light in moving lraus]>arent Hubstanceo,^ 
Lorent 2 designed his equations so as to accord with that 
theory, and showed that this might ho done by drawing a 
distinction between niatter and aether, and assuming that a ^ 
moving ponderable body cannot communicate its motion to 
the aether which surrounds it, or even to the aether which 
is entangled in its own particles; so that no part of the aether 
can be in motion relative to any other jxirt. Such an aether 
is simply space endowed with certain dynamic^vU properties. 

The genera! plan of Lorentz’ iiivovstigation was to reduce all 
the complicated cases of electromagnetic action to one simple 
and fundamental case, in which tlie field eontaiiiH only free 
aether writh solitary electrons dispersed in it ; the theory which 
he adopted in this fundamental case was a combination of 
Clausius" theory of electricity with Maxwells theory of the 
aether. 

Suppose that e (x, y, z) and e\x\ z) are two electrons. 
In the theoiy of Clausius, t the kiiietic^poWtial of their mutual 
action is ^ 

so when any number of electrons are present, the part of the 
* Cf. pp. 1 16 et nqq. . t Cf . p. 262. * 
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kin(M ic potoutiial ^hich concerns any one of them — say, e — ^may 
1)0 ritt>3n " 

(a,.r 4- ayij + a*i - c*^), 

wheie a and 0 denote potential functions, defined by the 
e(iuations 



/I d<*noting the volmiie-dgnsity of electric charge, and v its 
velocity, and the integration being taken over all space. 

We shall now reject Clausius* assumption that electrons act 
instantaneously at a distance^ and replace it by the assumption 
that they 'act on each other only through the mediation of an 
aether which fills all space, and satisfies Maxwell's equations. 
This modification may be effected in Clausius' theory witliout 
* difficulty ; for, as we have seen,* if the state of Maxwell's 
aether at any point is defined by the electric vector d and 
magnetic vector h,t these vectors may be qj^pressed in terms 
of potentials a and 0 by the equations 

I 

d « c’ grad - a, h » curl a ; 

and the functions a and ^ may in turn be expre^ed in terms of 
the electric charges by the equations 

a * as ^ « J/J \(pyir\ d/, 

where the bars indicate that the values of (pv,)' and (p)' refer 
to the instant (< - rx). Comparing these formulae witK those 
given alx)ve for Clausius* potentials, we see that the only change 
which it is necessary to make in Clausius* theory is that of 
reUrding the potentials in the way indicated by L. Lorenz.^: 
The electric and magnetic forces, thus defined in terms of the 

• Cf. pp. 298, 299. 

t We ^all use tl>*e small leitera d and h in place of E and K, when we are 
concfrned with Loretiti* funduiiiental tase, in which the system consists solely of 
free aether pnd isolated Electrons. 

: Cf. p. 298. 
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)K>sition and motion of the ehaiyes, satisfy tl)o Maxw<dliati 
et^uations 

div d - 4irrV>, 
div h - 0, 
curl d « - H, 
o\irl h « d V- h 47r/[>v. 

Tlie theory of Loreiitz is based on these f<o;r aelhereal 
equations of Maxwell, toginlier with* the equation whieli deter- 
mines the ponderoniotive fowe on nu'hargiHi panicle; tliis, 
which we shall now derive, is the «:ontiil»utioi» furnislied by 
Clausius’ theory. 

The Lagrangian equations of nioli«»n *4 the electron /* are 


d *vL\ 
(If \ Bry 




- 0 . 


and two similar ecjuations, where L denotes tlie t<»tal kinetic 
otential due to all causes, electric ami mecbanioul. The 
ponderomotive force exertecl on the tdectron by‘ the elwitro- 
magnetic field has for its ;r-com}xnimit 


34 d /3ZA 
dx \ci/ 
or 

e 


dx 


* 3a« . 3a, 




which, since 

r 

reduces to 


dog 

It 




fjO'g , 3^x • 

3a? 3y ^ 


3®/ . 




or * edg-^ e(^hz’-shjf)t 

so that the force in question is 

- . ed4^[v.h]. 

This was Lorentz' expression for the ponderomotive force on an 
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elect) I tied corpuscle of cliarge e moving with velocity v in a field 
defiiud by the electric force d and magnetic force h. 

Ill Lorentz* fiindaniental case, which has thus been examined, 
accnnat has been taken only of the ultimate constituents of 
which the universe •s supposed to be composed, namely, cor- 
puscles and the iiether. We must now see how to build up 
from these the more complex systems which are directly 
presented to our experience. 

electromagnetic field in ponderable bodies, which to our 
sens(?s appears in gene*arto vary continuously, would present a 
(lifTcrent aspect if we were able to discern molecular structure; 
we should then perceive the individual electrons by which the 
fiehl is produced, and the rapid fluctuations of electric and 
magnetic force h(*tween tliem. As it is, the values furnished 
by our instruiiuiiits represent averages taken over volumes 
which, though they appear small to us, are large compared 
with molecular dimensions.* We shall denote an average 
value of this kind by a bar placed over the corresponding symbol. 

Loreutar supposed that the phenomena of electrostatic charge 
and of conduction-currents are due to the, presence or motion of 
simple electrons such as have been considered above. The part 
of p arising from these is the measurable density of electrostatic 
charge ; this we shall denote by p,. If w denote the velocity 
of the ponderable matter, and if the velocity ▼ of the electrons 
be written w + u, then the quantity pv, so far as it arises from 
electrons of this type, may be written pt w + The former df 
these terms i-epresents the convection-current, and the latter 
the conduction-current. 

Consider next the phenomena of dielectrics. Following 
Faraday, Thomson, and Mos8otti,t Lorentz supposed that each 
dielectric molecule Contains corpuscles charged vitreously and 
also corpuscles charged resinously. These in the absence of an 

* These priiic^)les liad been enunciated, a)>d to some extent developed, by 
J. Willard Qibbs in 1882-3 : Amcr. Jpurn. ^ci. xxiii, pp. 262, 460, xxv, p. 107 ; 
Gibbs’ Scienti/lc ii, pp. 182, 195, 211. 

t Of. pp. 210, 211. 
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external field are so arranged as to neutnilixc etuih otli< *r‘H eleetric 
fields outside the molecule. For. siiiiidicity* wo'm ly .sup|)Oso 
that in each molecule only one eorpusOle, of charg«' • , is ciipahle 
of being displaceil finnu its position ; it follows from what h»iH 
been assumeil that the other corpuscles in the inol>*cnle exert 
the same electrostatic action as a rjuu'ge - r ailuaietl at the 
original position of this corpuscle. Thus if e is displaced in an 
adjacent position, the entiit* molecule l>ecomes eiiui\aleiil to an 
electric doublet, whose moment is nmasured I»y the j-roduct of *• 
and the displacement of The inoh'tfulAs in unit volume, Uiken 
together, will in this way give rise to a tvector) elwli ic moment 
per imit volume, P, which may Ikj compared to llie (vwjtor) 
intensity of maguetizatiou iu Poisson's theory of magnetism.* 
As in that theory, we maj^ replace the doubletHlistributioii P 
of the scalar quantity p by a volume-distribution of ph determined 
by the equationf 

p - - div P. 

Hus represents the part of p due to the dielectnc molecules. 

Moreover, tlie scalar quantity pw, has also a doublet-distri- 
bution, to which the same theorem may be applied ; the average 
value of the part of due to dielectric molecules, is therefore 
determined, by the equation 

Ifw, ■> - div (w.,P) «• - 10 , div P” - (P . V) 
or 

^ = - (livP.w - (P. V)w. 

We have now to find that part of which is due to dielectric 
molecules. For a single doublet of moment p we have, by 
differentiation, 

fJJ pndxdydz = dyjdt, 

where the integration is taken throughout the molecule; so 
that 

///pudi»dyd«-(d/<«)(FP,), • 

where the integration is- taken throughout a volume V, which 
•Cf.p. 64. 

t We astume all transitions gradual, so os to avoid suri^w^-^tributions. 
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eucloses a largo iiuml)6r of molecules, but which is small com- 
pared with iiiuasftrablc quantities; and this equation may be 
writlei/ 

Id 

Now, if P refers to diderentiation at a fixed point of space (as 
opposed to a diirerentiation which accompanies the moving body;, 
we have 

(f//d<)P = P + (w.V)P, 
and = F’divw; 

so tliat 

/»u = P + (w . V) P + div w . P 

= P + curl[P.w] + div P.w + (P. V)w, 

and therefore 

• pu + /«w •= P + curl [P.w]. 

This equation determines the part of ^ which arises from the 
dielectric molecules. 

The general equations of the aether thus become, when the 
averaging process is performed, 

div d = 47rc*pj - 4wr’ div P, div S = 0, 

curl d = - h, 

— I convection-current conduction<^iirrent j 

curl h =• (1/c’) d + 4ir I ^ i rw i ! ’ 

' ' ' ( + P + curl [P.w] 1 

In onler to assimilate these to the ordinary electromagnetic 

equations, we must evidently write 
♦— • 
d = E, the electric force ; 

(l/4irr’)E + P = D, the electric induction ; 


h • H, the magnetic vector. 

The equations then fkecome (writing p for pi, as there is no 
longer any. need to use the subscript), 

div D* « p, curl E = H, 


where 


div H = 0, 


curl E = 4jrS, 


S « conduction-current + convection-current + D + curl [P.w]. 
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The term D in 8 oviilontly nsprosenta the <ii^i»liicemont- 
mirrent of Maxwell; and the* term curl IP.', wj .will 1 h' 
rec(^niml a.s a mo«lifie»l form of the. terra curl [D . w], which 
waa first intrwluced into the eipHUiona . by Hert..* It will 
be remembered that Hertz supjKKsed fliia term U> ivpru- 
seut the generation of a magnetic • force within i iliclectric 
which is in motion in an electric field ; ami that Ileavi8i<l(‘,-*- by 
adducing considerations ndative Ui the eneixy, showed that the 
term ought to be regarded as part of the Udal (airrent, and 
infemHl from it.s existence that a di<*lw\ric which moves in an 
electric field is the seat of an electric c.nrrent, which pnaluccs 
a magnetic field in the surrounding space. The modification 
introduced by Lorentz consisted in replacing D by P in the 
vector-product; this implied that the moving dielectno does 
not cany along the aetheieal displacement, which is represented 
by the term tl4we* in D, but only carries along the charges 
which exist at opposite ends of the molecules of the ponderable 
dielectric, and which are represented by the term P. Tire part 
of the total current represented by the term curl [P . w] is 
generally called the current of dieleetrir. convection. 

That a magnetic field is prwluccd when an uncharged 
dielectric ,is in motion at right angles to the lines of force of a 
constant electrostatic field had been shown experimentally in 
1888 by Kontgen.^ His experiment consisted in rotating a 
dielectric disk between the plates of a condenser ; a magnetic 
field was produced, equivalent to that which would Ijc pnalticed 
by the rotation of the “ fictitious charges ” on the two faces of 
the dielectric, i.e., charges which bear the same relation to 
the dielectric polarization that Poisson’s equivalent siirfacct- 
density of m{^ietism§ bears to magnetic polarization. If U 
denote the difference of potential between the opposite coatings 
of the condenser, and c the specific inductivq capacity of the 
dielectric, the surface -density of electric cliarge on the coatings 

•Cf. p. 368. . ‘ . tCf. p. 367. 

t Ann. d. PbvM xxzv (1888), p. 2C4 ; xl (1890)) p. 93. 

4 Cf. p. 64. . 
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18 j)t oportiotml {o ± * ZT”, and the fictitious charge on the sur- 
faces oS the dielectric is proportional to if (t — 1) It is evident 
from this that if a plane condenser is charged to a given 
difh rence of potential, and is rotated in its own plane, the 
magnetic field produced is proportional to t if (as in Howland’s 
exjiorirnent*) tlio coatiiigs are rotated while the dielectric 
remains at rest, hut is in tlie opposite direction, and is propor- 
tional to (t - 1) if (as in Ilontgen’s experiment) the dielectric is 
rotated while the coa^in^s remain at rest. If the coatings and 
<liolectrie are rotated, together, the magnetic action (being the 
sum of these) should be independent of t — a conclusion which 
was verified later by Eichenwald.t 

Hitherto we have taken no account of the possible mag- 
netization of the ponderable body. This would modify the 
equations in the usual manner^; so that they^ finally take the 
form 


div D = p. 

(I) 

div B = 0, 

(II) 

curl H = 4>r8, 

(III) 

curl £ B, 

(IV). 


where S denotes the total current formed of the displacement- 
current, the convection-current, the conduction-current, and the 
current of dielectric convection. Moreover, since 

8 = pv + d/dirc*, 

we have _ 

div S = div pv + (l/4jrc*) div (jbijdt) 

= div pT + dp/dt* 

•Cf. p. 389. , 

r Ann. d. Pliys. xi (1903), p. 421 ; xiii (1904), p. 919. Eichenwald performed 
other experiments of » similar character, e.g. he observed the iii:ignt;tic field due 
to the changes of polarization in a dielectric which was moved in a non- 
homogeneous electric field. 

t It is possible to construct a purely electronic theory of magnetization, a 
magnetic molecule being siipjiosed to xiontaiu electrot)s in orbital I'evolution. It 
then appears that tKh vector which represents the average value of h is notH, 
but B. 
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which vanishes by virtu© of the principle of consci vution of 

electricity. Thus * • , 

div 8 =.0. (V) 

or the total current is a circuital vector. Equations ( 1) to (V’') 
are tlie luudafnental equations of [^rentz* theory of electrons. 

We have now to consider the relation by which the polari* 
•zation P of dielectrics is determined. If the dielectric is 
moving with velocity w, the pouderomotiye force on unit 
electric charge moving with it is (a|, iy all theories)* 

B'«E+Cw.Bl. ' (1) 

In ordmr to connect P with S', it is necessary to consider the 
motion of the corpuscles. Let e denote the charge and m the 
mass of a corpuscle, (S, n, its displacement from its position of 
equiUbtium, it* 17 , the restitutive force which retains it in 
the vicinity of this point; then the equations of motion of the 
corpuscle are 

mi + il-’S = eEf, 

and similar equations in i} and Z, When the corpuscle is set in 
motion by light of frequency' n passing through the medium, 
the displacements and forces will be perimlic functions of iU — 
aay, _ _ 

Substituting these values in the e«£uatious of motion, we obtain 

- mn*) •» eEa, and therefore 5 ~ »««*) = 

Thus, if N denote the number of polarizable molecules per unit 
volume, the polarization is^determined by the equation 

P = iVc (I, n. K) “ - mn^). 

• »' 

In the particular case in which the dielectric is at rest, this 
equation gives . 

D - (l/4trc*)E + P - (l/47rc’)E + iVc*E/(*? - «»»*)• 

*■ ’ ^ ' 

But, as we have 8eeq,f D bears to E the ratio ^V4irc’, where /a 
• • 

•Cf. p. 365. ‘ . tcf. p. 281. 
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<Ion<»li fj the refractive index of the dielectric; and therefore the 
refra(;t.ive index is determined in terms of the frequency by the 
erjuation * 

~ 1 + 47re’c’i\r/(i'’ - m»’). 

This formula is equivalent to that which Maxwell and 
Sellmeier* had derived from the elastic-solid theory. Though 
superficially different, the derivations are alike in their 
essential feature, which is the assumption that the molecules 
of the dielectric contsin^ systems which possess free periods 
of vibration, and which respond to the oscillations of the 
incident light. The formula may be derived on electro- 
magnetic principles without any explicit reference to electrons ; 
all that is necessary is to assume that the dielectric polarization 
has a free period of vibration.t 

When the luminous vibrations are very slow, so that n is 
small, reduces to the dielectric constant so that the 
theory of Lorentz leads to the expression 

e <= 1 + 4nIfe‘c‘Jk‘ 


• Cf. p. 293. 

t A theory of ilispomion, which, 8o far as its physical assumptions and resuUs- 
ure concerned, resembles that described above, was published in the same year 
(1892) by Helmholtz, Berl. Ber., 1892, p. 1093, Ann d. Phys. xlviii (is'93), 
pp. 389, 723. In this, as in Lorentz’ theory, the incident light is supposed to 
excite symimthetic vibrations in the electric doublets which exist in the molecules 
of transparent bodies. Helmholtz* equations were, however, derived in a different 
way from those of Lorentz, being deduced from the Principle of Least Action. 
'I'he final result is, as in Lorentz’ theory, represented (when the efiect of damping 
is neglected) by the Maxwell-Sellmeier formula. Helmholtz’ theory was developed 
further by Reiff, Ann. d. Phys, Iv (1895), p. 82. 

In a theory of dispersion given by Planck, Berl. Ber., 1902, p. 470, the 
damping of the oscillations is assumed to be due to the loss of energy by radiation : 
so that no new constant is required in order to express it. 

.Lorentz, in his leetures«oit the theory of Mlectrons (Leipzig, 1909), p. 141, 
suggested that the dissipative term in the equations of motion of dielectric electrons 
might be ascribed to the destruction of the regular vibrations of the electrons 
within a molecule by the tollisions of the molecule witli other molecules. ' 

Some interesting references to the ideas of Hertz on the electromagnetio 
explanation of dispersion will be found in a memoir hy Drude, Ann. d. Phys. (6) i 
(1900), p. 437. 
t Cf. p. 283. 
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for the specific inductive capacity in terms of tlm muuk^r ami 
circumstances of the electrons.* 

Returning now to the case iii which t!ie dielectrir is sup- 
posed to he in motion, the eipuition for the iKilari/ation may )>e 
written • 

; ( 2 ) 

from this equation. Fi-esneFs formula for the velocity of liglit in 
a moving dielectric may be deduced. For. let the axis of z he 
taken parallel to the direction of motion of the dielectrii*. wliiclj 
is supposed to l»e also the direction of*^u‘hpiigation of the light ; 
and, considering a plane-polarizetl wavd, take tlie axis of x 
parallel to the electric vectm, so tliat the miignotic vector 
must be parallel to the axis of if. Then equation (III) above 
beepmes 

- dlT^/dz » 4fjr3g + 4mt? dPs/dz ; 

equation (IV) becomes (assuming B ^ual to IT, as is always 
the case in optics), 

The equation which defines the electric induction gives 


and equations (1) and (2) give 
Eliminating Dx, and //„ we have 






; or, neglecting 


a’B’, /i‘ a’ir. 2w («* - 1 ) 0*1?, 
ete‘ “c* e‘ dids"' 


Substituting J?, = so that denotes the velocity 

of light in the moving dielectric with respect to the fixed aether 
we have • 

•CT. p. 211. , • . . * 

t This equation was Srat given as a result of the theory of electrons l>y Lorentx 
in the last chapter of his nuftnoir of 189*2, Arch. N^rL xav^ p. 525. It was also 
g;iven hy Larmor, Phil. Trans., clxx;cv (1894), p. 821. " 
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wliidli is the foriimla^of Fresnel.* The hypothesis of Fresnel, 
that a ponderable body in motion carries with it the excess of 
iiethei’ which it contains ms compared with space free from 
niatUM-, is thus seen to be transformed in Lorentz* theory 
into the supposition that the polarized molecules of the 
dielec tric, like so niany^small condensers, increase the dielectric 
constant, and that it is (so to speak) this augmentation of the 
dielectric constant which travels with the moving matter. One 
evident objection to Fresners theory, namely, that it required 
the relative velocity of aether and matter to be different for 
light of different colours, is thus removed ; for the theory of 
l^reiitz only requires that the dielectric constant should have 
different values for light of different colours, and of this 
a satisfactory explanation is provided by the theory of 
dispersion. 

The correctness of Lorentz* hypothesis, as opposed to that of 
Hertz (in which the whole of the contained aether was supposed to 
be ti'ansported with the moving body), was afterwards confirmed 
by various experiments. In 1901 E, Blondlotf drove a current 
of air through a magnetic field, at right angles to the lines of 
magnetic force. The air-current was made to pass between the 
faces of a condenser, which w'ere connected by a wire, so as to be 
at the same potential. An electromotive force B' would be 
produced in the air by its motion in the magnetic field ; and, 
according to the theory of Hertz, this should " produce an 
electric induction J> of amount (€/4^r) E' (where c, denotes the 
specific inductive capacity of the air, whicli is practically 
unity) ; so that, accorifing to Hertz, the faces of the condenser 
should become charged. According to Loreutz’ theory, on the 
other hand, the eldctric inductiou D is determined by the 

equation • • . ' 

47r<?*D«E + (r- 1)E' . 

• • 

• Cf. p. *117. , t Compt«8 Reiulus exxxiii (1901), p. 778. 
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where E denotes the electric force on a charge, at^rtwt, whicli is 
zero in the present Thus, hccurdiug to I.4)rcnt 4 th(H>i-y, 

the charges on the faces would have piily (f - !)/« of tlio values 
which they wouUl have in Hertz’ theory ; that is, they would l>e 
pi-actically zero. The I'esult of Blondlot’S exjxu'iiueut Wfts in 
favour of the theory of Lorentz. * 

An experiment i»f a similar character was performed in 
1905 by H. A. Wilson.* In this, the siuiw Instween lli(! inner 
and outer coatings of a cylindrical yo^denser was lillcd with 
the dielectric ebonite. Wlieu the Cotifings of such a (!ou- 
denser are maintained at a definite ditlerence of potential, 
charges are ipduced on them ; and if the condenser be rotatetl 
on its axis in a magnetic field whose lines of force are parallel 
to the axis, these charges will bo altered, owing to the 
additional polmzation which is produced in the dielectrio- 
molecules by their motion in the magnetic field. As before, 
the value of the atlditional charge according to the theory of 
Lorentis is (e - l)/e times its value as calculated by the theory 
of Hertz. The result of Wilson’s experiments was, like that of 
Blondlot’s, in favour of Lorentz. 

'The reconciliation of the electromagnetic theory with 
Fresnel’s law of the propagation of light in moving IkhUch was 
a distinct- advance. But the theory of ^ the motionless ivether 
was hampered by one dithcutiy : it was, in its original form, 
incompetent to explain the negative result of the exi>criment 
of Michelson and Moriey.f The adjustment of theory to 
observation in this particular was achieved by means of a 
remarkable hy^thesis which must now Vje introduced. 

In the issue of "Nature” for June 16th, 1892,J I./Klge 
mentioned that Fitz Gerald had communicated to him a neyr 
suggestion for overcoming the difficulty. This was, to suppose 
that the dimensions of material bodies are slightly altered 
when they are in motion relative to the aether: Five months 
afterwards, this hypothesis' of Fitz Gerald’s was adopted by 

•Phil. Trans, cotv (1905), p. 121. • 

t Cf. p 417. . t Nature^ zlvi (1892)» p. 165. 
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Lorenlz, in a •communication to the Amsterdam Academy;* 
after whjph it*jvon favour in ‘a gradually Widening circle, until 
eventually it came to be generally taken as the basis of all 
llieoreucal investigations on the motion of ponderable bodies 
througli the aether. • 

Le.t us first see how it explains Michelson’s result. 
On the supposition that the aether is motionless, one of the 
two portions into which the original beam of light is divided 
should accomplish its jqurney in a time less than the other by 
where w denotes^ the velocity of the earth, c the velocity 
of light, and I the length of each arm. This would be exactly 
compensated if the arm which is pointed in the direction of the 
terrestrial motion were shorter than the other by an amount 
as would be the case if the linear dimensions of 
moving . bodies were always contracted in the direction of 
their motion in the ratio of (1 - to unity. This is 

Fitz Gerald’s hypothesis of contraction. Since for the^ earth the 
ratio wjc is only 

30 km./8ec. 

300,000 km./sec. ' 

the fraction w^jc^ is only one hundred-millionth. 

Several further contributions to the theory of electrons in a 
motionless aether were made in a short treatisef which was 
published by Lorentz in 1895. One of these related to the 
explanation of an experimental result obtained some years 
previously by Th. des Coudres,J of Leipzig. Des Coudres had 
observed the mutual inductance of coils in different circum- 
stances of inclination of their common axis to the direction of 
the eartli’s motion, but had been unable to detect any effect 
depending on the orientation, Lorentz now showed that this 
could be explained by considerations similar to those which 

* Verslagon d. KoA. Al^ van Wetensebuppeu, 1892-3, p. 74 (November 26tb 
1892). 

t Vtriuoh e{ner Tifeorie tier eleetriMchen und s^pUscht»n £rscheinuHgen in 
KorptrUi vun H. A. Lorentz ; Leiden, £. J. Brill. It was reprinted by Teubner, 
jof Leipzig, in 1906. * • 

I Ann. d. Vhys. xxzviii (1889), p. 73. • 
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Budde and FitzGorald* bad mlvaiw«'d in a :jiin lar ciiw, a 

oonductor carrying a fconsUint idoctrif rurrenf un3 iin»\dng with 

the earth would exert a font* gii eleatric elHUge^ at relative 

* 

rest in its vicinity, woro it n«»l that lhis/»»rt c iiu tic cs on tiic 
surface of the ooiuluotor itself a coiniif^nsalinji • lec'iiMstalic 
charge, whose action annuls the exjtocletl eflec't. 

The most satisfactory inethott of ilisc ussiug the intlm*nc«* of 
the terrestrial imuioii on ehs tric-al phcuiouuMia is Oi tiaiuvforin 
the fuiulameutal eciuations of the aetli^T ami ehnarons to axc’s 
moving with rhe earth. Taking tln^avis of .* |»a].klirl Ihe 
dircc*tiou of tiie earth’s nmiion. an»l denoting tin* velocity t»f the 
earth hv v\ wo write 

./ j ' irt^ // ' //i. : :j. 

80 that (y i. ifu -i> denot«‘ t o4»rdinal«'> n'ferri d to a\e> ueiving 
with the cart lu L«>n*nt/> t'oni|di*ted lle^ rhaiii:** nf roordiiiatos 
by introducing in jilacc* of th<‘ \ati.iMe / a ‘'IcKal time” 
defined by the equation 

f ~ *4' e\ 

It is also necessary to iritroduct\ in jilace (*f d and h, the* «dtH‘tric 
and magnetic forces relalivi^ to tlie moving axi*s : these an^t 

di = d.+ [w.h] 
h.-li+ (l/c>) [d. w]; 

and in place of the velocity v of an electron referred to.the 
original fixed axes, we most introduce its vchxsity Vi relative to 
tbe moving axes, which is given hy the equation 

* ▼l-T-W. 

l^e fundamental equations of the aether and electrons, 
referred to the original axes, are 

div d «» dare’p, curl d •%- h, ^ 

div h ■ 0, curl li » (1/*^) d + dnpVt 

, r.-d + [T.h], • 

rwhere F denotes the pondelpmptive force on a particle carrying 
a unit charge^ * * 


* Cf, p. 263. 


* Cl. pp. 36S, 366. 
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!»>' direct, transformation from the original to the new 
viiriahlea it i« found that, when quantities of order w^jc* and 
■irojv? .ire neglected, these e(iuation8 take the form 

div, di =s 47rc’^, curli di = - 

div, h, = 0, curli h, « (1/c®) cid,/S^i + 

F-di + [v,.hi], 

\vli(M 0 divi di stands for 

^Xx dijx cZx 

Since these liave the same form as the original equations, 
it follows that when terms depending on the square of the 
(•(mstiiTit of ahenatimi are neglected, all electrical phenomena 
ina}' be expressed with reference to axes moving with the earth 
by the same ^(piations as if the axes were at rest relative to the 
aetlier. 

In the last chapter of the KmwA Loren tz discussed those 
experimental results which were as yet unexplained by the 
theory of the motionless aether. That the terrestrial motion 
exerts no influence on the rotation of the plane of polariza- 
tion in (juartz* might be explained by supposing that two 
independent effects, which are both due to the earth's motion, 
cancel each other; but Lorentz left the question undecided. 
Five years later Larmorf criticized this investigation, and 
arrived at the conclusion that there should be no first-order 
effect ; but lorentz} afterwards maintained his position against 
Larmor’s criticism. 

Although the physical conceptions of Lorentz had from 
the beginning included that of atomic electric charges, the 
analytical equations h^d hitherto involved p, the volume-density 
of electric charge; that is, they had been conformed to the 
hypothesis of a coiltinuous distribution of electricity in space. 
It might hasttty be supposed that ‘in order to, obtain an 

• Cf. p. 416. • t Larnior, Aelkcr and JUatUr, 1900» 

; Pioc. Amsterdam Acad. (Ecglisb ed.), iv (1902), p. 669. 
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analytical theory of electrons, nothin}? niort» wimiIjI h ■ m[uire«l 
than to mollify the ftjnuulae by •writiiiK r (lh« V'hi r}jo of an 
electron) in }»lace of pd-rdyih. That this is not th* cam* was 
shown* a few years after the |mhlieation o( the fWs, r/i. 

Coihsiiler, for example, the foriniilu for the senlai iHitentiul 
at any point in the aether. 

^ /*/ ip' V) lix'i/ i/'dz\ 

where the bar indicates that the i{UantitY nnderneutli it is to 
have its retarded value.t ,• 

This integral, in which the intej'iation is extended o\er all 
elements of space, must be transformed iH'fore the integration 
can l)e taken to exteinl <iver moving elements of ehaige. Ia‘l 
de' denote the sum of the eh><.’tric charges which art' aecounti'd 
for under the heading of the volume-element iir'th/'dz in 
the above integral. This quantity de is not identical with 
p*dx’d^dz'. For, to take the simplest case, suppose that it is 
required to compute the value of the potential-function fur the 
origin at the time t, and tliat the chatge is receding from the 
origin along the axis of x with vehxjity v. The cliaige whiish 
is to be ascrilied to any position .r is the cliarge which occupies 
that position at the instant t - 3;/c; so that when the ntckoniiig 
is "made according to intervals of space, it is necessary to 
reckon within a segment (xi - Xi) not the electricity which at 
any one instant occupies that segment, but the electriidly which 
at the instant (t - x,/c) occupies a segment (x, - x',), where x'l 
denotes the point from which the electricity streams to Xi in the 
interval between the instants (i ~ x»/c) and (f - x,/r). We have 
evidently 

X, - x'l = M (x» - Xi)/r, or - af i (xt - Xi){l + ujc). 

For this case we should therefore have 

p'daidy'dz' = fl 
ojg — a’l * \ cj 

\ * 

♦ E. Wiechert, Arch. N4erl. * (2), v (1900), p. 649. Cf. also A. Li6nard, 
It Ectairage elect, xvi (18*1^8], pp. 6, 63, 106. •- 

t Cf . p. 298. 
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In th(j general ease, it is only necessary to replace by the 
coinpi mput of.. velocity of the electric chaVge in the direction of 
the radius vector from the point at which the potential is to be 
computed. This component may be written t?co8(®.r), where r 
is iiKMsured positively from the point in question to the charge, 
ami denotes the velocity of the charge. Thus 

ede' = |c + 7jco8(e.r)j ]5' da; VZy Vfe', 

and therefore 

j.** I 

where the integration is extended over all the charges in the 
held, and the bars over the letters imply that the position of 
the charge considered is that which it occupied at the instant 
t - rje. In the same way the vector-potential may be shown to 
have the value 

f 

'J<T+ (r.v) 

Meanwhile the unsettled problem of the relative motion of 
earth and aether was provoking a fresh series of experimental 
investigations. The most interesting of these was due to 
Fits Gerald,* who shortly before his death in February, 1901, 
commenced to examine the phenomena manifested by a 
charged electrical condenser, as it is carried through space in 
consequence of the terrestrial motion. On the assumptiorr 
that a moving charge develops a magnetic field, there will be 
associated with the condenser a magnetic force at right angles 
to the Hires of electric force and to the direction of the 
nrotion: magnetic energy mrrst therefore be stored in the 
medium, when the plane of the condenser includes the direc- 
tion of the drift; bul wheir the plane of the corrdenser is at 
right angles to the terrestrial motion, the* effects of the 
opposite charges ndlitralize each other. FitzGerald’s original 
idea was that, In order to supply, the* magnetic energy, there 
must be a mechanical drag on the ‘condenser at the moment of 

* Fit* Gerald’s Sei$Ht\fic JTritinft, p. 667. 
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chaiviiifT* similar to that whi<»li woultl 1 h* pmdtiuMl :f the mass 
of a body at tlie surfatV of the earlli wimc lojiocvnuo 

greater. Moreover, it was eoiijeelnml that the eoiuleimer, 
when freely .suspendetl. would tend lo move so as to issuim* the 
longitudinal fuientation, which is tlml iff niaxinnim kinetie 
eneigy*: the transverse iK»sition wauld therefore In* one of 
unstable equilihriuni. 

For both ettlTts a search was made l»y Fit/CoMMld’H pupil 
Troiitonif in the exjKuiments designed to observe* the turning 
couple, a condenser was susjM'ntled In a vertical j-lane by a 
fine wire, and ehargetl. If llie plane of the c«>ndciisei' wen* 
that of the meridian, about noon there shouUl be no couple 
tending to alter the orientation, lH?cause the drift of aether iluo 
to the earth^s motion would l>e at right angles to tliis plane; 
at any other hour, a couple should act. The eifect to l)e 
detected was extremely small ; for the magnetic force duo to 
the motion of the charges would Ije of order ?r/c, where w 
denotes the velocity of the earth ; so the magnetic energy of 
the system, which depends on the miuare of the force, would be 
of order (w/cy j and the couple, which dei>ends on the derivate 
of this with respect to the azimuth, w'ould therefore be likewise 
of the second order in (w/c). 

No couple could l>e detected. As the energy of the magnetic 
field must be derived from some souice, there seems to be no 
escape from the conclusion that the electrostatic energy of a 
chained condenser is diminished by the fnictioii (o^/ey of its 
amount when the condenser is moving with velocity w at 
right angles to its lines of electrostatic force. To explain this 
diminution, it is necessary to admit Fitx Oeralcrs hypothesis 
of contraction. The negative result of the experiment may l>e 
taken to indicatej that the kinetic potential of the syiitem, 

when the FitzGerald contraction is taken into account as a 

• 

* Larmor, in Fitz Gerald’s ScienU^ Papers, p 666. * 

+ P. T. Trouton, Trans. Roy. Dub. Soc., April, 1902; F. T. Trouton and 
H. R. Noble, Phil. Traos.'^ccii (1903), p. 165. «■ 

t‘Cf. P. Langevin, Comptes Rendus, .cxI (1905), p. 1171. 
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consli iiriL, is ijidopeiiclent of the orientation of the plates With 
respe< t to thtt di/ectioii of the terrestrial motion, 

fl may be remarked that Jthe existence of the couple* had 
it Ihm ii observed, would have demonstrated the possibility of 
drawing on the energy of the earth’s motion for purposes of 
terrestrial utility, 

Fitz Gerald contraction of matter as it moves through 
tii(‘ aether might conceivably be supposed to affect in some 
way tiie optical properties of the moving matter; for in- 
slaiic(^ transparent substStnccs might become doubly refracting. 
Exj)erimeut 3 designed to test this supposition were per- 
formed by Lord liayleigh in 1902,* and by D. B. Brace in 
1 904+ ; but no double refraction comparable with the propor- 
tion of the single refraction could be detected. The 

Fitz Gerald contraction of a material body cannot therefore be 
of the same nature as the contraction which would be produced 
in the body by pressure, but must be accompanied by such 
concomitant changes in the relations of the molecules to the 
aether that an isotropic substance does not lose its simply 
refracting character. . ^ » 

By this time, indeed, the hypothesis of contraction, which 
originally had no direct connexion with electric theory, had 
assumed a new' aspect. lioreiftz, as we have seen,^ had 
obtained the equations of a moving electric system by 
applying a transformation to the fundamental equations of 
the aether. In the original form of this transformation, 
quantities of higher order than the first in were neglected. 
But in 1900 Larmor§ extended the analysis so as to include 
small quantities of the second order, and thereby discovered a 
remarkable connexion between the equations of transfoiina- 
lion ‘and the equafions which represent FitzGerald's con- 

• 

• Phil. Mag. iv !>• ^"8. 

t l*hil. Mag. vU (1904), p. 317. * ; 

X C£. p. 434. Cf . also Lorentz, Proc. Amstordain Acad. (English ed.), i (IS99), 

p. 427, • , 

} Larmor, Aether and p. 173. 
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traction, After this Ixm'nte* wont further still, an- 1 ohuiiieil 
the transformation in, a f<»rm whioji is oxui-t tn al^ o» iers of the 
small quantity W<‘. In this form wo sjiall now oonsulor it. 

Tlie funilainental wjuations of the aether are 

div d •» -iirt'p, curl d ^ - li, 

div h ° 0, furl h <■ dv’ ^ Avpy. 

It is do.sired to find a transformation fnun tln' variaMos 
X, y, r, t, p, d, h, t. to now variahles .r„ ;/,, p,. dt, h,, v,, sueh 

that the cH|uations in terms of thos^ now variables may Uike 
the same form as the original e<|uatiuns, hainoly : 

di^i d, « 4irc*p,, onrli di » - Shi/ff,, 

div, hi - 0, cnrl, h, - (1/c’) ad,/8f, + 4irpi Vi. 

Bvidently one imlicular class pf such tmnsformations is 
that which corresponds to rotations of the axes of coordinates 
about the origin : these may be descrilied as the linear homo- 
geneous transformations of determinant unity whicit transform 
the expression (a? + + z‘) into itself. . 

These particular transformations are, however, of little 
interest, since they do not change the variable t. But in place 
of them consider the more general class forinctl of ell those 
linear homc^neoas transformations of determinant unity in 
the variables x, y, z, of, which transform the expression 
(at* + y + a - c*f*) into itself: we shall show tliat these trans- 
formations have the profierty of transforming the diil'erential 
equations into themselves. 

All transformations of this class may be obtained by the 
combination and repetition 'with interchange of letters) of one 
of them, in which two of the variable— say, y and z - are 
unchanged. The equations of this typical transformation may 

a 

♦ Proc. Amsterdain AcotJ. (Englisli ed.), vi, p, 860* Ix>re]itx' work wa» 
completed in respect to the formulae Vhich connect pi» f’l, with by Einsicin, 
Ann. d. Phys., xvii (1905), p. 801v It idioiild be added that the transformation 
in question had been applied to the* equation of tribratoijr motions many years 
before by Voigt, 6ott. Nac^. 1887, p. 41. 
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(*aHily ho (l(»ri\ 3 e(l by considering that the equation of the 
n^ctan^ular Ijvperbola 

• - (ctf - 1 

Hn the plane of the variables x, ct) is unaltered when any pair 
of cr>njugaU> diameUvs are taken as new axes, and a new unit 
of l(»n^th is Uiken proportional to the length of either of these 
diaincU'rs. The equations of transformation are thus found to be 

a* = ^ , cosh a + cti sinh a, y = yx, 

t -ti cosh ft sinh a, * « c,, 

uhcie a denotes a constant. The simpler ecjuations previously 
gi\en by LorenU* may evidently be derived from these by 
writing w/c for tanh a, and neglecting powers of w/c above the 
first. By an obvious extension of the equations given by 
Lorentz for the electric and magnetic forces, it is seen that the 
corresponding equations in the present transformation are 

I dx « dxif 

dy « dyj cosh a + sinh a, \hy = hy^ cosh a - (l/c)rfai sinh a, 

ds =s dx^ cosh a - chy^ sinh a, I = 7/,^ cosh a + (l/c)rfyi sinh a. 

The connexion between p and pi may be obtained in the 
following way. It is assumed that if a charge e is attached to 
a particle which occupies the position (f, at the instant 
an equal charge will be attached to the corresponding point 
(fi, Tfi, fi) at the corresponding instant f, in the transformed 
system ; so that a charge c' attached to an adjacent particle 
(f + Af, r) + ^7)y ? ^ instant t will give rise in the 

doiived system to a charge e' at the place 


(< 


If A fc . A A y V fc A A y 




1-0 


*■ 0^ ^ + 0f ; 


• ct. p. 434. 


at the instant 
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that is to say. at the place 

(?i ^ Af 6osha. m At;.* f, + A?) 

at the instant - sinh a . Af V). Thus at the iiisl juI /,. this 

charge will occupy the p^witien , 

(^1 + Af cosh a f sinh a . Af . ' At; + sinh n . A.^ , 

^ Af * sinhfi.A f 

Tile charges corresponding to those in the c»nginal system wiiich 
were at the instant t eontaineii in *ti volume Af A»/ SZ will 
therefore in the derived system at 4he insUint ^ occup} a \iilume 


cosli <1 T sinh a . . 0 < . SK A2. 

8inh<i./v.V I 0 ! 

! 

sinh a . 0 I i 


or. 

(cosh a + sinh a . ftje) AS A»i A2- 

Thus if pi denote the volume-density of electric charge in the 
transfonued system, we shall have 

pi (cosh a + sinh a . VjJe) = p; 


this equation expresses the connexion l)etween p, and p. 
have moreover 




ca? 

' Sk 



'* * Offi 



dt 




+ a7 


+ 


+ 


dt\ 


Wo 


and similarly 


'and 


. , Vt, Bcch a 

=• e tanh a + . . ' . , , 

C<>8h a + fi, '• 'sjnha 


"n 


eosh a + e,, c** sinh a’ 
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^hon iho original variables -are by direct substitution replaced 
by the new Cari&ldes in the ciiflerentiaU equations, the latter 
take tJie form 

‘liv, di = 47rr7i,, curb di = - 0hi/3^, 

•livi h, = 0, • curl, h, = (1/c*) 0d,/a/i + ; 

that is to say, the fundamental equations of the aether retain 
tli(?ir form unaltered, when the variables are subjected to the 
tninsfurmation which lias been specified. 

are now in a poSiition to show the connexion of this 
transfi>rmation with •FitzGerald's hypothesis of contraction. 
Siqijjose that two material particles are moving along the axis 
of X with velocity vr = r. tanh a. From the relation 


^ I «ech a 

Tr = tanh a + - , 

cosh a -f /v, r^sinha 


it follows that is zero for each of the particles, which implies 
that they are at rest relative to the new axes. Let .r, and at , 
denote their coordinates with respect to this latter system ; then 
the coordinates of one 'particle at the instant referred to the 
original axes, will be given by the equations 


x » cosh a + cti sinh a, t ^ ti cosh a + a?i c"* sinh a ; 
and the coordinates of the other particle will be given by 

» x\ cosh Cl f ctx sinh o, f = t\ cosh a + x\ c * sinh a ; , 

so that at time t the latter particle will have the coordinate a?", 
where 

x' = a?' -f v: [t - t') 

» a;', cosh a + ctx sinh a + (a? - x\) sinh* a sech a, 
wjiich gives , 

a;"-a; = (a:^ - a?.){l - icW 

This equation Shows that the distance between the par- 
ticles in the system of measurement furnished by the originab 
axes, with reference to which the particles were mpving with 
velocity w, bears the ratio (1 - : 1 to* their distance in the 
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system of measurement furnished by the transfoniietl aves, 
with reference to wlikdi the partides aye at res^i Vtil acjcnrd- 
ing to FitzGeralds liy|K»thesis i>( coiitiaelhai, -when a material 
lK)dy is in motion relative to the au'ther, ie a diiwti-»n parallel 
to the axis of its dimensions paraKel to tlii^ dirt‘etion 
contract in precisely this nitu»: so. that the eijuatitm o/ tlio 
IkkIv, in terms of the eoonlinates r,, wliieh niovt' with 

it, is unaltered. Thus the hypothesis t>f FitzGerald may he 
expressed hy the sUitement that thr of the Jhju res 

of imuierMe hoiiic^ are cova riant ifith reap'd to those trana* 
format ifata for irhtch the fttndamenfal effnationa of the aether 
are coca riant. 

The covariance holds with resptH; ^ to all linear liojiioj^fiieous 
transformations in the vaiiahles {j\ y. /}, n{ ili ierminant 
unity, which transform the expression d ^ f . ;• -- r*/’) into 
itself. This group comprises an infinite nuinhtT of tr.insforma* 
tions : so that there are an intinite immhcr of sets of variables 
resembling (J’t, //i, 2,, /t), of which anyone sc^t 'Vr, /A , ^r) can 
be tlerived fnmi any other std (r,. //„ by a transformation 

of the group ; among tlie sets we must of courst‘ iiu lude the 
original set of e«M>r<linales (,>;» //, 2, f). I»ul bitlaudo w(* have 
prfKjeeded on the assumption tliat tlie miginal set (r, //, is 
entitled to a primacy among all tlie other sets, since the axes 
( r, y, z) have lieen supposed to possess the special jiropmty of 
liaving no motion relative to the aether, ami the liimj repre- 
sented by the variable t has l>een umlcrslood to he a definite 
physical quantity. The other sets of variables (Tr, ttn Sr. fr) 
have been regarded merely as symbols convenient for use in 
problems relating to moving bodies, but not as corresponding 
to pliysioal entities in the same d^ee aa (a;, y, z, t). We 
must now inquire whether this view is jufttified. 

The question amounts to asking whether absolute position 
in space, or at any rate absolute fixity relative to the aether, is 
^something which can he brought within the boAinds of human 
knowledge. 

It is well known' that the science of dynamics, as founded 
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on Now ton's Uwh of motion, does not supply any criterion by 
which Hist may Iro distinguished from uniform motion; for if 
tlu‘ hiVN s of motion are -applicable when the position of bodies 
is referred to any particular set of axes, they will be equally 
applicable when position is referred to any otiier set of axes 
which liave a uniform motion of translation relative to these. 

Tin* older theories of electrostatics, magnetism, and electro- 
dynamics, wliich are based on the conception of action at a 
distance, are concerned, only with relative configurations and 
motions, and are therefore' useless in the search for a basis of 
aiisoliite reckoning. 

Hilt the existeiK.'c of an aether, which is postulated in the 
uiidulalory theory of light, seems at first sight to involve the 
(•onc(‘ptions of rest and motion relative to it, and thus to afford 
a means of specifying absolute position. Sii])pose, for instance, 
that a disturbance is generated at any point in free aether; 
this disturbance will spread outwards in the form of a sphere ; 
and the centre of this sphere will for all subsequent time 
occupy an unchanged position relative to the aether. In this 
way, or in many other ways, we might hope to determine, by 
electiical or optical experimenU, the velocity of the earth 
relative to the aether. 

The failure of such experiments as had been tried led 
FitzGerald* to suggest that the dimensions of material bodies 
uiidertn) contraetion when the bodies are in motion relative 

O 

to the aether. Hy the transformation of Lorentz and Lamor, 
as we have seen, this hypothesis came to be expressed in a new 
form; namely that the equation of the figure of the body, 
referred to a frame of reference moving with it, is always the 
same, but tliat frames of reference which are iu motion relative to 
Oiibh other are based oh different standards of Imigth and time. 
This way of regaling the matter brings into prominence the 
fundamental questidns involved. Before speaking of lengths ^ 
and velocities, is necessary to exaiqine the nature of systems 
of measuiement o^ space and tii’ne.’ 

•Cf.p.432. 
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Of the events with wliich Natural Philosopliy is l oneeriuHl, 
each is perceived to hapi>en at 8«»ine 4eflniteMopati<»ii^at soiiin 
definite moiiieiit. When a matt^rial o4>jeot 1ms bt'on ohs«»rveil 
to occupy a certain jiositiou at a certaui insUiUt* llu' same 
object may attain observed at a subst^pient insbiut; but it 
is impossible to doUn'inine whether Jthe object is or is \\oi in 
the same position, since there is no obvious means of preserxini' 
the identity of any location fn»m one moment t«» another. 
The physicist, however, finds it convenient to («»nslnut a 
framework of axes in space and timi? for the purpi»s»‘ of finin'^ 
his experiences into an tnderly arrangfnnenl ; ami tin* 
tion at issue is whether experience furnishes the means <d 
determining a framewcuk <*<unpletely and unii|uely by 
absolute properties, or whetlier tin* selection im*vitably rests 
on arbitrary choice and accidental ciivumsunce. 

In attempting to answer this question, it may first Iwj 
observed that the choice is always madi* so as to simplify 
the description of natural plieuomena as much as possilde; 
thus, the variable which is to measure time is so cdiosen that 
its increment in the interval hetwcMUi any two eonseeulivc^ 
l)eats of a pendulum is the sajiie as its inereinent in the interval 
between any other two constit utive l)C‘ats. If the seleclitm of 
the four variables (x, //, c, /) is well made, it shoubl be po.ssihle 
to express the laws of nature by stutomentsof a siniph? chaiacter, 
e.g., that a lK>dy isolated from the intlumiee of extt*nuil agt‘iits 
moves through etpml intervals of space in e<|uaJ iriltu vals of 
time. 

Accepting, then, tin? principle that the framework <»f axes 
is to Ije chosen so os to furnish the siinple.st possible? expression 
of the natural laws, it beeom(f.s of impoiiaiice to dcUtrmine 
which of the natural laws are entitlcQ, hy reason of their 
primary imjKjrtance, to receive the greatest cpn.si<leratioii. 

Now many indications point to the firobability that tiio 
varioufi types of forc^ wjiich are observed in ponderable 
bodies — forces of cohesion, of Chemical uniqn, and so forth — 
ore ultimately electric in nature. Such an assumption 



]>(»Htulatjpcl by. Fitz Gerald, Since it would represent tll6 
truetinii as actually produced by the motion. But if this 
assjuDjition be correct, the theory of electricity and aether is 
without doubt the fnndamenlal theory of Natural Philosophy; 
and Die framework of space and time should be chosen with 
a view eliieliy to the c-xpression of electrical phenomena. This 
may most naturally be done by stipulating that the wave- 
fronts of disturbances generated in free aether shall, in the 
sysltMii of h'ligth and time adopted, be accounted spheres whose 
centii s arc at the origins of disturbance and whose radii are 
]in »p( ii lional to the times elapsed since their initiation, Keferred 
(o aNe.s of which satisfy these conditions, the fundamental 

eijuatioiis of the electric field assume the form which has been 
taken as the basis of all our theoretical investigations. 

Imagine now a distant star which is moving with a uniform 
vi'loeity //' or c tanh « relative to this framework The 

theorem of transformation shows that there exists another 
framework (ar,,//i, 3i, (i), with respect to which the star is at rest, 
and in which moreover the condition laid down regarding the 
wave-surface is satisfied. This framework is peculiarly fitted 
for the representation of the phenomena which happen on the 
star ; whose inhabitants would therefore naturally adopt it as 
their system of space and time. Beings, on the other hand, who 
dwell on a body which is at rest with respect to the axes 
(x, If, t) would prefer to use the latter system ; and from the 
point of view of the universe at large, either of these systems 
is as good as the other. The equations of motion of the aether 
are the same, with resiiect to both sets of coordinates, and 
therefore neither can claim to jiossess the only property which 
could confer a priimil’cy — namely, an absolute relation to the 
aether.* 

To sum up, we 'may say that the phenomena whose study 

is the object of*Natural Philosophy take place each at a definite 

• • 

Ibis was first dearly expressed by Einstein, ^nn, d. Phys. xvii (1905)^. 
p.891. 
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location at a definite nionunit; the whole cuiwtiliitin^ » hnir- 
world ofspaco and time. To coiw^ucl set of 
axes of space and time is equivalent to projecting this four- ^ 
dimensional world into a three-dimensional world of apace and 
a one-dimensional world of lime ; ami thia projection way be 
performed in an infinite number of ways, each of which is 
distinguiBhed from the others only by chnraoterisUcs merely 
arbitrary and iiceidenUil* 

In order to ixipresent natural phenoiucaui without introducing 
this contingent element, it would l)e nccesHivry to abandon I lie 
customary three-diineiisioiml system (‘<H»rdinates, and to 
operate in four dimensions. Analysis td this kind has Ummi 
devised, and has been applied to the theory t»f the aelluM ; 
but its flevelopmenl Udongs to the twentieth eenturv, and 
consequently falls outside the seope of the present Wfak. 

Fnuu what has Ikkui saiih it will he evident that, in the 
closing years of the nineteenth century, electrical inv(‘sligalion 
was chiefly concerned with systems in motion. The theory of 
electrons was, however, applied with success in other directions, 
and notably to the explanation of aiiewexperimenUl discovery. 

The last recorded observation of Faradayf wa.s an attempt 
to detect changes in the period, or in the state of polarization, 

Of the light emitted by a sodium flame, when the flame was 
placed in a strong magnetic field. No result was ohtiiined ; 
but the conviction that an eflect of this nature remained to be 
discovered was felt by many of his successors. TaitJ examined 
the influence of a magnetic field on the selective absorpthm of 
light ; impelled thereto, as he explained, by theoretical considera- 
tions. For from the phenomenon of magnetic rotation it may be 
infened§ that rays circularly polarized in opposite senses are 
propagated with different velocities in the magnetized medium ; 
and therefore if only those rays are absorbed which have a 

* CL H. Minkowski, Jiatm uud Zeit, : Leipzig^, 1909. 

t Bence Jones’ L\fe of Farfiday, ii, p, 449. 

X Proc. R.S, Edinb. U (1876), p* 118. 

\ Cf. pp. 174, 216. 
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iti ileJiuiti- wave-length in the medium, the period of the 
,h8f^rhcd»ii’oiu a beam bf circularly •polarized white light 
not 1)0 the same •when. the polarization is right-handed 
hen it is left-handed. "Thus/* wrote Tait, "what waa 
aally a single daJrk absorption-line might become a douMe 
* 

lie eflbct anticipated under different forms by Faraday and 
was discovered, towards the end of 1896, by P. Zeeman.* 
ating Faraday’s •procedure, he placed a sodium flame 
een the poles of an electromagnet, and observed a widen- 
of the I)-lines in the spectrum when the magnetizing 
^nt was applieil. 

\. theoretical ex])lanation of the phenomenon was imme- 
dy furnished to Zeeman by Lorentz.f The radiation is 
►osed to l>e emitted by electrons which describe orbits 
in the sovlium atoms. If e denote the charge of an electron 
im m, the pouderomotive force whicZi acts on it by virtue^ 
ie external magnetic field is r [r . K], where K denotes the 
netic forca* and r denotes the displacement of the electron 
1 its position of equilibrium; and therefore, if the force 
3 h restrains the electron in its orbit be the equation of 
ion of the electron is 


jjir -f- K*r « c [r . K]. 


The motion ut' the electron may (as is shown in treatises 
dynamics) he represented by the superposition of certain 
tieular solutions called iirindpal oscillations, whose distin- 
shing property is that they are periodic in the time, hi order 
Ictermiue the principal oscillations, we write forr, 

^re To denotes a vect(»r which is independent of the time, and 
enotes the fretpieimy of the principal oscillation : siibstitut- 
in the equation, we have 

(k- - *mn^) r,. « eiiy/ - 1 [r^ K]. 


■ ZUlingsvewlugon der Akad. v. Wet t^'Amsterdwa v (1896), pp. 181, 242; 
1897), pp. 13, (3) xUii (1897), p. 22§. 
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e^uatioo iu»y be sfttisiied either (1) if r, is^pai'allol to K, 
in. which case it reduces to . * t 

'K* - »»»* ■ 0, ' * 

so that n has the value icni"*, or (2*) if r. is at right angles to K, 
in which case by squaring both sides of thp e(|uation we obtain 

the result . 

{k* - mn*y m «»n'ir, 

which gives for n the approximate values kui'^ ± cKj^m. 

When there is no external magnetic field, so that K is zero, 
the three values of n which have befin obtained all reduce to 
rwi'i, which represents the frequency ‘of viltration of the 
emitted light before the magnetic fiehl is applied. When the 
field is applied, this single frequency is replaced by the three 
fretiuencies K>n'\ Kni'i + rA' 2/rt, Kin'i - vKj'lM : that is to say, 
the single line in the spectrum is replaced by three line.s close 
together. The apparatus used by Zeeman in his earliest experi- 
ments was not of sufficient jiower to exhibit this triplication 
distinctly, and the effect was therefore descrilied at first as a 
widening of the .spectral lines.* 

We have seen above that the principal o.scillatiou of the 
electron correspoiuUng to the frequency ic/a'i i.s performed in a 
direction parallel to the magnetic force K. It will therefore 
give rise to radiation resembling that of a Hertzian vibrator, 
and the electric vector of the radiation will be {mallei to the 
lines of force of the external magnetic field. It follows that 
when the light received in the spectroscope is that which has 
been emitted in a direction at right angles to the magnetic 
field, this constituent (which is represented by the middle line 
of the triplet in the sjtectrum) will appear polarized in a plane 
at right angles to the .field ; but when the light received in the 
spectroscope is that which has been emitted in the direction of 
the magnetic force, this constituent will be absent. 

We have also seen that the principal* oscillations of the 
electron corresponding to tlie frequencies ± eKI2m are 

' *lAter observations, ‘with more 'powerful appanrtns^ have shown that the. 
primitive spectral line ia frtsiiueiitljr teplaeed by more than three components. 
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iwrformed in .a plane at right angles to the magnetic field K. 
In order to dSjierinine the nature of these»two principal oscilla- 
tions, we observe that it is possible for the plectron to describe 
a circular orbit in Hhis plane, if the radius of the orbit be 
suitably chosen; for 'in a circular motion "the forces i«*r and 
<r.?] would be directed towards the centre of the circle ; and 
it would therefore be necessary only to adjust the radius so that 
these furnish the exact amount of centripetal force required. 
Stich a motion, being periodic, would be a principal oscillation. 
Moreover, since the forlte e [f . K] changes sign when the 
sense of the movemeht in the circle is reversed, it is evident 
that there are two such [circular orbits, corresponding to the 
two senses in which the electron may circulate: these must, 
tlicrefore, be no otlier than the two principal oscillations of 
frefjueiicies ± eKj^lnu When the light received in the 
spectroscope is that which has been emitted in a direction at 
right angles to the external magnetic field, the circles are seen 
edgewise, and the light appears polarized in a plane parallel to 
the field ; but when the light examined is that which has been 
emitted in a direction parallel to the external magnetic force, 
the radiations of frequencies ± eKI2ni are seen to be 
circularly polarized in opposite senses. All these theoretical 
conclusions have been verified by observation. 

It was found by Cornu* and by C. G. W. Konigt that the 
more refrangible component (i.e., the one whose period is shorter 
than that of the original radiation) has its circular vibration 
in the same sense as the current in the electromagnet. From 
this it may be inferred that the vibration must be due to a 
resinously charged electron; for let the magnetizing current 
and the electron be supposed to circulate round the axis of z in 
tHe direction in which*a right-handed screw must turn in order 
to progress aloqg the positive direction of the axis of z ; then 
the magnetic force Is directed positively along the axis of 

and, ill order tliat the force on the electron may be directed 

% # 

^Coinptes Rendua, exxv (1897), }>. 555. 

Ann. d. Rhys. Ixi} (1897), p. 240. 



462 The Theory of Aether and Eleetrenn in the * 

• 

iuirard to the axid of 7 (so aa to shorten the period), thu charge 
on the electron must Lte negative. • * \ 

The value of r/m for this native electron may be determined 
by measurement of the separation be’tween the components of. 
the triplet in a magnetic Held of known strength ; for, as we 
have seen, the dift'erence of the fre<iuencie8 of the outer com- 
ponents is eKIm. The values of «•/»«- thus detenuined agree well 
with the estimations* of ejm for the corpuscles of cathode rays. 

Tlie phenomenon discovered by ^eeim^n is clou dy n‘l.ated to 
the magnetic rotati<*n of the plane iMdarizati: n of light.f 
Both efleets may l«? explainol by 8upi>»>.siiJg that the inolfcules 
of material bodies coutaiu electric .systems which possess 
natural periods of vibration, the simplest examph* ol such a 
system being au electron which is attra<.‘ted to a lix«*il centre 
with a force proi>ortional to the distance. Ze«*mau's ellect 
represents the iuHuencc of an external magmdic field on the 
free oscillations of those elt'ctric systems, while Kara<luy’s «‘l}'ecL 
represents tla* inHueuee of the external magnetic field on tlie 
fureed oscillations which the systems perform under the stimulus 
of incident light. The latter plienonienon may be analysed 
without ditticulty on the.se principles, the equation of motion of 
one of the electrons being taken in the form 

mx + u’r = «£ + <: [r , H], 

where m denudes the mass and <■ the charge of the electron,, 
r its distance from the centre of force, K^r the restitutive force, 
£ and H the electric and magnetic forces. When the electron 
performs forced oscillations under the iiiHuenoe of light of 
frequency n, this equation Ijccomes 

(k* - mn^) r = cE + c [r . H], 

The influence of the magnetic force on the ^motion of the 
electron is small compared with the influence Vjf the electric 
force, i,e. the second term on* the right is small /iompared with 
the first term ; so in the second term we may rei^lacc r by its 

♦ Cf. p, 405**’ t Cf. pp. 213-216, 307-309, 367-370. 



C/ostng Years of the Nineteenth Century. 453 

valuo'Es foui\d fyom the first term, namely, «£/(«* - m»*). The . 
ec^uation thufr becomes * * 

+ r , - [i . H]. 

1C - m?r (ic* - mji')* ^ ^ 

If P denote* the electric moment per unit volume, we have 

P * er X the number of such systems in unit volume of the 
medium ; 

so P must be of the fo^m^ 

wlH‘re t evidently rejjreseiits the dielectric constant of the 
nioiUuni, and ts is the coefficient which measures the magnetic 
rotatory power. In the magneto-optic term we may replace 
H by K, the external magnetic force, since this is large com- 
pared with the magnetic force of the luminous vibrations. 
Tims if D denote the electric induction, we have 

D = fEMirc* + a [E . K]. 

Combining this with the usual electromagnetic equations, 
curl H = 47ri), 
curl E = - H, 

we have 


- curl curl E = tE/c* + 47r(r [E . K]. 

When a plane wave of light is propagated through the 
medium in the direction of the lines of magnetic force, and 
the axis of x is taken parallel to this direction, the equation 
gives 




dt^ 




0*J&. ^ ^ 

and these equations, as we have seeUjt* competent to explain 
the rotation of tlie plane of polarization. 

Cf.p. 428. tCf. p 215, 
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From the occun^ence of the factor («:• - the denomi<r 

nat^r of the expression for the luagneto-optie -bonaUnt at, it 
may be inferreil that the magnetic ,rofation will 1 h? very largt^ 
for light whose |x.'riod is nearly the same as a fiw periled of 
vibration of the electrons. A large rotation is in fact observetl* 
when plane-polarized light, whose ftviiuency difters but litth^ 
from the frequencies of the D-lines, is passed through scxlium 
vapour in a ilirection parallel to tin? lines of magnetic force. 

The optical pnqKnties of metals ni|i\’*l>e explained, acnnding 
to the theory of electrons, by a slight extension of the analysis 
which applies to tlie propagation of light in transparent sub- 
stances. It is, in fact, only necessary to siippt)se that some of 
the electrons in metals are free instead of ]>cing bound to t!u‘ 
molecules : a supposition which may be emlKuluMl in tlie ecjuations 
by assuming that an electric force E gives rise to a polarization 
P, where 

E = aP -?* / 3 P 7P i 

the term in a represents the etVect of tlie inertia of the electrons ; 
the term in represents their ohmic drift ; and the term in 7 
represents the etVect of the restitutive forces where these exist. 
This equation is to he combined with the customary electro- 
magnetic equations 

curl H = ijr? + 47rP, - curl E = H. 

In discussing the propagation of light tlirough the metal, we 
may for convenience suppose that the beam is plane-polarized 

• The phenomenon was first observed by D. Macaliiso and O. M. Corbino, 
Comptes Rendiis, cxxvii (1898), p. 548, Rend. Lincei (5) vii (2) (1898), p. 293. The 
theoretical explanation was supplied by AV. Voigt, Gbtt. Nach., 1898, p. 349, 
Ann. d. Phys. Ixvii (1899), p. 345. Cf. also P. Zeeman, Proc. Amst. Acad. 
V (1902), p. 41, and J. J. Hallo, Arch. N^erl. (2) x (Z.905), p. 148. 

Voigt also predicted that if plane-polarized light, of period nearly the same as 
that of the I) radiation, were passed through sodium vapour^in a magnetic field, 
in a direction perpendicular to the lines of magnetic folce, the velocity of propa- 
gation would be found to depend on’ the orientation of the p^ane of polarization, 
so that the sodium vapour would behave as a uniaxal crystal. This prediction wiis 
confirmed experimentally *by Voigt aiid ^Viechert : cf. Vc^gt, Gott. Nach., 1898, 
p. 356: Ann. d. Phys. Ixvii. (1899), p. 345. Cf. also A. Cotton, Comptes 
Bendus, cxxviii (1899), p. 294, and J. Geest, Arch. N6erl. (2), x (1905), p. 291. 
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and propaga^ parallel to the axis of z, the electric vector being 
parallel to the a*xis of x. Thus the equations of motion reduce 
to 


'\^E, . a'P, 

V • a. A . p 

a -ttt; + p + yP- 


dt^ 


For and we may substitute exponential functions of 

* is/ - 1 (^ - 2?/l/c), 


where /t denotes the freciuency of the light, and fi the (^uasi-index 
of refraction of the metal ; the etiuations then give at once 

(fi^ - 1) (- an* + finy/ - 1 + y) -» 


AVriting v (I - Ky/ - 1) for /a, so that v is inversely proportional 
to the velocity of light in the medium, and k denotes the 
eoefticient of alisorption, and equating separately the real and 
imaginary parts of the equation, we obtain 


V* (I - K*) 


4irf* (7 — u>r) 

^ /3*n* + (7 - ’ 

27rf*/37i 

fi’tr + (7 - ony 


AVheii the wave-length of the light is very large, the inertia 
represented by the constant a has but little intiiience, and the 
equations reduce to those of Maxwell's original theory* of the 
propagation of light in metals. The formulae were experi- 
mentally confirmed for this case by the researches of E. Hagen 
and H. Itul^ensf with infra-red light; a relation being thus 
estal)lished between the ohmic conductivity of a metal and 
dts optical propert^s with respect to light of great wave- 
length. 

AVhen, howevpr, the luminous vibrations are performed 
more rapidly, Jbhe effect of the inertia .becomes predominant; and 

♦ Cf. p. 290. • . ‘ 

t Berlin SitzungSber., 1903, pp. 269, 410 ; Ann^ d. Phys. xi (1903), p. 873 ; 
Phil. Mag. vii (1904), p. 157. 
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if the eoiistants of the metal are such that,. for a.cei't(iiu range 
'Of values of », is small, while e’ (1- k*) is neg^tiv^, it is^ evident 
that, for this range of values of n, v will be small and k lai^, 
ie^ the properties of the metal will approach those of ideal 
silver.* Finally, for indeiinitely great vtdiies of n, v’k is small 
and i»* (1 - k’) is nearly unity, so th^t v tends to unity ajid k 
to zero: an approximation to these conditions is realized in 
the X-ray&t 

In the last yeai-s of the nineteenth century, atrempts were 
made to form more definite eonoeptiun^ regarding th»‘ liehaviour 
of electrons within metals. It will be lejneinl>oiod that the 
original theory of electrons had l»een i>roposeil l)y Wel)er^ for 
the purpose of explaining the phenouunia of electric currents 
in metallic wirea. ‘VVeber, however, made luit little loogress 
towards an electric theory of metals; for t>eing concerned 
chiefly with magneto-electric induction and electromagnetic 
ponderomotive force, he scarcely brought the metal into the 
'discussion at all, except in the assumption that electrons of 
opposite signs travel with equal atid ojipo.site vclocitie.s relative 
to its substance. The more comprehensive scheme of his 
successors half a century afterwards aimed at connecting in 
a unified theory all the known electrical proper tics of metals, 
sitch as the conduction of currents according to Olnir’s law, the 
thermo-electric effects of Seebeck, Peltier, and W. Thomson, 
the galvano-magnetic effect of Hall, and other phenometra which 
will be mentioned subsequently. 

The later investigator-s, indeed, ranged beyond the group 
of purely electrical properties, and sought by aid of the theory of 
electrons to explain the conduction of heat. The principal ground 
on which this extension was justified was arr ex].rerimental resrrlt 
obtained in 1853 by G. Wiedemann and II. Franz, § who forrnil 

• Cf. p. 179. 

t Models illustrating the selective reflexion and absorption of li^ht by metallic 
bodies and by gases were discusessd by H. Lamb, Mem. and Prbe. Manchester Lit. 
and Phil. Soc. xlii (1898), p. 1 ; Prod. Lpn4r Math. Soc. xxxii (1900), p. 11 ; Trans. 
Oamb. Phil. Soc. xviii (lOOOjp p. 348. 

* Cf. p. 226. § Ann. d. Phyt. Ixxxix (1863), p. 497. 
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tfwit at any temperature the ratio of the thermal conductivity 
of a bo^y to ohmic, conductivity is approximately the same 
for all metals, and that the value of this ratio is proportional 
to the absolute temperature. In fact, the conductivity of a 
pure metal for heat is almost independent of the temperature ; 
while the electric conductivity varies in inverse proportion to 
the absolute temperature, so that a pure metal as it approaches 
the absolute zero of temperature tends to assume the character 

a perfect conductor.# That the two conductivities are closely 
related was shown to be highly prol^able by the experiments 
(»f Tait, in which pieces of the same metal were found to exhibit 
variations in ohmic conductivity exactly parallel to variations 
in their thermal conductivity. 

The attempt to explain the electrical and thermal properties 
of metals by aid of the theory of electrons rests on the assump- 
tion that conduction in metals is more or less similar to 
conduction in electrolytes; at any rate, that positive aml^ 
negative charges drift in opposite directions through the sub- 
stance of the conductor under the influence of an electric 
field. It was remarked in 1888 by J. J. Thomson,* who must 
be regarded as the founder of the modern theory, that the 
differences which are perceived between metallic and electro- 
lytic conduction may be referred to special features in the two 
cases, which do not affect their general resemblance. In 
electrolytes the carriers are provided only by the salt, which 
is dispersed throughout a large inert mass of solvent ; whereas 
in metals it may be supposed that every molecule is capable 
of furnishing carriers. Thomson, therefore, proposed to regard 
the current in metals as a series of intermittent dischai’ges, 
caused by the rearrangement of the constituents of molecular 
systems — a conceptidn similar to that by which Grothussf had 
pictured conduction in electrolytes. This view would, as he 
showed, lead to a general explanation of the connexion between 
thermal and efectrical conductivities. • 

* J. J. ThoniBon,* AppHcatiom of Dynamico to f/tysiet and Cheinistryt 1888, 
p. 296. Cf. also Giese, Ann. d. Pliys. xxxvii (1889), p. 576. t Cf. p. 78. 
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Most of th«' later writers on metallic comlnction have pre- 
fermi to lake the hypothesis of AlThenius* ratlier thap that of 
Grothuss as a pattern ; aiul have therofon* 8Ui»po«tHl the 
interstices between the molecules of the metal to l>e at all 
times swarming with electric charges in rapid motion. In 
1898 E. Eiecket eftected an important advance by examining 
the consequences of the assumption that the average velocity of 
this random motion of the charges is nearly proportional to the 
square root of the absolute temperature*^. P. Drude^ in 1900 
replacetl this by the more definite assumption that the kinetic 
energy of each ino\ing chaige is equal 6) the average kinetic 
energy of a moletnde of a perfect gas at the same temperatun*. 
and may therefore be exyuesseil in the form ([T, where 7 denotes 
a univei*8al constant. 

In the same year J. .1. Thomson§ remarked that it would 
accoifl with the conclusions ilrawn from tlic stmly of ionization 
Jn gases to suppose that the vitreous and resinous cluuges play 
dift‘ei*ent part^ in the process of emnliiction ; the resinous 
charges may \)e conceived of as carritMl by simi>le negative 
corpuscles or tdeetrons, such as constitute the catliode rays: 
they may be suppo^iMl to move about freely in the interstices 
l>etween the atoms of tlie metal. The vitreous charges, on the 
other hand, may be regarded as nujre or less lixed in attachment 
to the metallic atoms. According to this view the transport 
electricity is due almost entirely to the motion of the negative 
charges. 

An experiment which was performed at this time by Kieckell 
lent some 8upp<irt to Thomson’s hypothesis. A cylinder of 
aluminium was inserted between two cylinders of copper in 
a circuit, and a current was passed for such a time that the 
amount of copper deposited in an eleJjtrolytic arrangenieht 

♦ Cf. p. 384. 

t Gott. Nacb., 1898, pp. 48, 137.. Ann. d. Phys. Ixvi (1898), pp. 353, 545, 
1199; ii. (1900), p. 835. ^ 

{ Ann. d. Phys. (4) i (1900), p! 666 ; .iti (1900), p. 369 ; vii (190*3), p. 687. 

i Rapports pres, au Con|;r^s de Physiqiio, Paris, 1900, Hi, p. 138. 

il Phys. 2eitsch. iii (1901), p. 639. 
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would have ^amounted to over a kilogramme. The weight of 
oaeli of the ••three cylinders, however, showed no measurable 
change; from which it appeared unlikely that metallic con- 
duction is accompanied by the transport of metallic ions. 

Ihe ideas of Thcftnson, Riecke, and Drude were combined by 
Lorentz* in an investigation which, as it is the most complete, 
will here be given as the representative of all of them. 

It is supposed that the atoms of the metal are fixed, and 
that in the interstices^ between them a large number of resinous 
electrons are in rapid motion. The mutual collisions of the 
electrons are disregarded, so that their collisions with the 
fixed atoms alone come under consideration ; these are 
regarded as analogous to collisions between moving and fixed 
elastic spheres. 

Tlie flow of heat and electricity in the metal is 
supposed to take place in a direction parallel to the axis of 
so that the metal is in the same condition at all points , 
any plane perpendicular to this direction; and the flow is 
supposeil to be steady, so that the state of the system is 
independent of the time. 

Consider a slab of thickness dx and of unit area ; and suppose 
that the number of electrons in this slab whose ^--components 
of velocity lie between u and n + d?/, whose //-components of 
velocity lie between v and v + dr, and whose c-components of 
velocity lie between and dv\ is 

f r, u\ x) dx du dvdif\ 

One of these electrons, supposing it to escape collision, 
will ill the interval of time dt travel from (.r, //, ;:) to (x + u dt, 
.7/ + vdty z + wdt) : and its ^--component of velocity will at the 
end of the interval be increased by an amount c Edtjmy if m and 
c denote its mass and charge, and E denotes the electric force. 
Suppose that, the number of electrpns lost to this group by 

collisions in the interval is a dx'dit, dv dw dt, and that the 

• • , 

* Amaterdam Proceedings (English edition) vii (1904-1905), pp. 438, 585, 684 



460 7'he Theory oj Aether aud EUchom in the 

s 

munber addtxl to the by collisions iii *tb<‘ saint* interval is ' 

iKUdiulvdif' tIt. Thon we have * . / , 

/(a, r, H\ r) - (h ~ <^) (it -s /\tt Edt m, r, ti\ r n df). 


and therefore 


h - a 




*Jid/ 


— ^ + a 


m da 




Now, tljo law of distribution of velocities which Maxwell 
postulated for the molecules of a perf^tgas at rest is expressed 
•by the equation 

-4 

/-»*«'* Ac 

where A’^ denotes the numljer of moving corpuscles iii unit 
volume, r denotes the restdtont velocity of a corpuscle (so that 
/•’ = 14 * * »* + v~), and a denotes a constant whicli s|)ecificH the 
average intensity of agitation, anil consequently the temiKuature. 

is assumed that the law of flistribntion of velocitieH 
among the eb*ctrons in a metal is nearly of this form; but a 
term must l:)e added in (Ufler to repu.'sent tlH‘gen«»ral drifting of 
the electrons parallel to the axis of # . The simplest asRumpliou 
that can be made n'garding this term is iluii it is of the form 


V X a function of r only ; 
we shall, therefore, write 

. 3 - 

f = JVtt ^ o‘® C «* + (/*), 

The value of may now be determined from the equation 

, cEdf i)f 

h^a ^ n 4- \ 

m M cx 

for on the left-hand side, the Maxwellian term 


ir'5«»A^e‘«' 


would give a zero result, siilce’ h is equal to « in Maxwell’s 
system; thus h - a m*ust depend solely on the term mxW> 
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• un exaniinatioii of tlu? oircuni«taiiee 8 of a collision, in tlie manner 
oi lilt* kiiictic .Jlieory of gases, shows that - a) must have the 
folia - (/')//,• where. I demotes a constant which is closely 

i'(*lat(‘il to the Hawaii free path of the electrons. In the terms 
on the right-hand side of the equation, on the other hand. 
Maxwells term gives a aesult different from zero; and in 
comparison with this we may neglect the terms which arise 
from (r). Thus we have 


7ir^(r) ^ feE *d 
I \?w 




du dx) TT^a® 


e a\ 


or 


, , /m -L' i^eNE d fN\ 


2AV da^ 
a® dx\ 


and thus the law ot <listribution of velocities is determined. 

The electric current i is determined by the equation 

/ s r Jij ft/ (o, r, ?'*) dicdv die, 

where the integration is extended over all possible values of the 
components of v<*locity of the electrons. The JIaxwellian term 
in f(i', r, //*) furnislies no contribution to this integral, so we 
have 

i = <• j*ij ^ (/’) dft dr dit\ 

When the inlegration is performed, this formula becomes 

2lrf2cA'E dN ^,da\ 

.^ 7 ri \ ma dx d.r) 

or 

‘difhn a . m /a® rfxV da\ 

^ ° ^ ^ \Nli ■ 

The coellicient of i in this equation must evidently reinesent 
tlw ohmic specific resistance of the metal ; so if 7 denote the 
specitic conductivity, we have 

* . 4/t»» 

. a 


Lot the equation be next applied to the case of two metals 
A and if in contact at the .same .temperature T, forming an 
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open circnit in whioh them is no conduction uf heat or 'declricity 
^80 that i ainl da’djc am zero). Intej^rating tin! ojfliut urn 

,, tn «•' dX 

h St - ^ 

1'. Xdx 

across tlie junction of the metals, we have * 

* y , 

Discontinuity of potontial at junction = - - Ioli !' ; 

or since which represents the average kinetic eiuMgy of an 
electron, is by Dnule’s tissumption eipyil *to t/T, when* 7 tlcuiotCH 
a universal constant, we have 

2 a y 

Discontinuity of potential at junction ^ T log • 

This may be interpi'eted as the diflerence of potential con- 
nected with the Peltier* effect at the junction of twi> metals ; 
the product of the difference of jKJtential and the curmnt 
measures the evolution of heat at the junction. The Peltier 
diacontinuity of potential is of the order of a thousiindth of a 
volt, and must lie distinguished from Volia s c(»ntact-ditterence 
of ]>otential, which is generally much larger, and which, as it 
presumably dei»eiuls on tlie relation of the metals to the medimii 
in which they are iinmem*d, is beyond the scope of the present 
investigation. 

Petuniing to the general e<puili»ais, we observe that the flux 
of energy If' is parallel to the axis of /. and is given by the 
et|uation 

W = \m JJj r, if')dHthdo\ 

where the integration is again extended over all possible values 
of the components of velocity ; performing the integration, we 
have 

W - ‘SiVa* '^] ; 

OTT* \ m ax (IxJ 

or, substituting for i’ from the equation already found, 

wla* . . 4mZ da 

e • diri dx 

*Cf. p. 264. 
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( 'oiisicler now th^ case in which there is conduction of heat 
witliont conduVtic^nof electrioity. The of energy will in this 
<;jise Irr* given hy the equation 


wheir k* denotes the thermal conductivity of the metal expressed 
in .suitable units ; or 

3ma da 

yy ss — If . 

• ^ 2q thy 

If it be assumed th^t the conduction of heat in metals is 
effected by motion of the electrons, this expression may be 
compared with the preceding; thus we have 

K = ^Tt'^laqN\ 


and comparing this with the formula already found for the 
electric conductivity, we have 



an equation which shows that the ratio of the thermal to the 
electric conductivity is of the form 7 x a constant which is the 
same for all metals. This result accords with the law’ of 
Wiedemann and Franz. 

Moreover, the value of q is knowm from the kinetic theory of 
gases; and the value of c has been determined by J. J. Thomson* 
and his followers ; substituting these values in the formula for k/y, 
a fair agreement is obtained with the values of ic/y determined 
experimentally. 

It was remarked by J. J. Thomson that if, as is postulated 
in the above theory, a metal contains a great number of free 
electrons in temperature equilibrium with the atoms, the 
specific heat of the metal must depend largely on the energy 
required in order to raise the temperature of the electrons. 
Thomson considered that the observed specific heats of metals 
are smaller than is compatible .with tlie theory, and was thus 


♦ Cf. p. 407. 
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led to investigate* the conse<iuences of his joriginal hypothesis^ 
regarding the motion the electrons, which’ difters from the 
one just described in much Uie same way as Grothuss’ theory of 
electrolysis dillers from Arrhenius’. Each electron was now 
supposed to be free only for a very short time, from the moment 
when it is liberated by the dissociation trf an atom to the moment 
when it collides with, and is absorbed by, a ditterent atom. The 
atoms were conceived to be paired in doublets, one pule of each 
doublet being negatively, and tlie othen positively, electrified. 
Under tlie inttueiice of an external electric fiehl the doublets 
orient themselves parallel to the electric force, and the electr.uis^ 
which are ejected from their negative poles give rise to a current 
predominantly in this direelion. Tlie electric conductivity of 
the metal may thus be calculated. In order to comprisi* the 
condueti(»ii of heat in his theory, Thomson assumed tliat the 
kinetic energy with which an electron heaves an atom is pro- 
portional to the absolute temperature; so that if one part of the 
metal is hotter than anotlier, the temperature will l)e equalized 
by the interchange of corpuscl(*s. Tins theory, like the other, leads 
to a rational explanation of the law (jf Wiedemann ami Franz. 

The thef>ry of electrons in mentals has received support 
from the .study of aiu»ther phemuiienon. It was known t(» 
the philo.soj)liers of the eighleenlli century that the air near 
an incandescent metal acquires the power of couducling elec- 
tricity. “ l><*t the eud of a poker,’* wrote Canton* “when 
red-hot, be brought but for a moment within three or four 
inche.s of a small electrified body, and its electrical p»)wer will 
lie almost, if not entirely, destroyed.'* 

The subject continued to attract attention at intervals^ ; 

• J. J. Thonifon, 77i^ C^rpunular Thtory of MatUr\ London, 1907. 

t Cf. |>. 4:)7. : Phii. Trim#, lii (1762), p. 457. 

j Cf. £. Berquere), Annale* di? Cbimie axxUt (1853), p. 355 ; Guthrie, Phil. 
Mag. xlvi {1873}, p. 254; alao various memoirs by £Uter*and Qeitel in the 
Annalen d. Pbys. from 1882 onwards. The phenomenon is very noticeuble, ns 
Edison showed (Engineering, Ihcemler 12, 1884, p. 653), Irhen n ftlament of 
earbon is heated to incandescence hi ii ra|'etied gas. In recent years it has been 
found that iofks are emitted when ma^esia, or any of the«oxides of the alkaline 
earth metals, is heated to a dull red heat. 
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and as the pvocess.of conduction in gases came to be better 
niuhnstgod, fitje "conductivity produced iif the neighbourhood of 
incandescent metals was attr^mted to the emission of electrically 
(tliarged particles by the metals. But it was not until the develop- 
iiMMit nf ,r. J. Thomson’s theory of ionization in gases that notable 
a<lvan(jns were mad(‘. ln*1899, Thomson* determined the ratio 
of th(^ t'Jiarg(^ to the mass of the resinously chai ned ions emitted 
by a liot filament of carbon in rarefied liydrogen, by observing 
their deflexion in a /ria|^netic field. The value obtained for 
the ratio was nearly tlie same its that which he had found for 
th(^ cor])Uscles of cathode rjiys ; whence he concluded that 
the negative ions emitted by the hot carbon were negative 
elc'ctrons. 

The corresponding investigationf for the positive leak from 
hot bodies yielded the information that the mass of the positive 
ions is of the same order of magnitude as the mass of material 
atoms. There are reasons for believing that these ions 04 ;^ 
produced from gas which has been absorbed V)y the superficial 
layer of the inetal.J 

If, when a hot metal is emitting ions in a rarefied gas, an 
(‘lectromotivo fon^e be establislie<l between the metal and a 
iuuglib(uiring electrode, either the ])ositive or the negative ions 
;irc urged towards the elecIriMle by the eh^ctric field, and a current 
is thus transmitted through the intervening space. When the 
is at a higlun* potential than the electrode, the current is 
carried by the vitreously charged ions: when the electrode is 
at the higher potential, by those with resinous charges. In 
^eitlmr (uise, it is found that when the electromotive force is 
iiie.n'ased indefinitely, the current iloes not increase indefinitely 
likewise., but acepuves a certain saturation ” value. The 
tjhyj/m ('xplamtion of this is thut tho supply of ions avaihbJe 
for currying live current is liniiUHl. 

• Phil Mog. xlviii (1899), p. M7. ■ . ■ 

t J. S. Thomson. Proc. Oomb. Phil. 8o« xv (1909), -p. 61 ; O. W. Rivhardson, 

IMiil. Mob- (I®”*)’ !*• '*”• 

♦ Of. lli».hnr«lsoo, Phil. Trans, ccvii (1906), p. 1. 

^ r 
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Wlien tlio teinperatiiro of (lie luetal is the ions 

emitted ai-e mainly negative; ami it Is fouirdVthat Jn these 
cirenmstanees, when tlie surroundvig gas is rarefied, the satnra- 
tion-cuiTent is almost imiejK'iident of Iht* nature of the gas or 
of its pressure. The leak of resinous oleetn ieity from a metallie 
surface in a rarefied gas must therefore <i(‘])eml only ou the* 
teinperatui*e and on the nature t»f the metal ; and it. was shown 
by 0. W. Itieharilsouf that the depemlenee on the t^nnperatnre 
may be expi'essed by an e<}uatioii <»f the lorm 

where i denotes the saturati»>n-curvent per unit area (»f 
surface (which is proport i(»nal to the nund»er of ions emitted in 
unit time), T denotes the aksohite temiM'ratun», and A and h 
are constants.^ 

In order to account for th(*se phenomena, liichanlson^ 
a<lopted the hypothesis which had jueviously birn pro]>nsed 
for the explanation of metallic comluctivity ; nannOy, that 
a metal is to be reganlod as a sponge-liko structure* of 
comparatively large fixed positive ioiis and molecul(*s, in the* 
interstices of which negative electrons an' in rapid motion. 
Since the electrons do not all esca]>o freely at tfic surfacn*, la* 
postulated a superficial discontinuity of potential, snflicu’ent tc» 
restrain most of them. Thus, let A'rlenote the nunilx*!* of fn'c 
electrons in unit volume of tin* metal; then in a parallelepip(*d 
vvho.se height imuisured at right angh*s io the surface is 
and whose l>ase i.s of unit area, the iiuinher of electrons whose* 

« Ct J. A. MftOlellanrI, JVoi . Camb. J*hil. Sor. x (1890), p. 241 ; xi (1901), 
p. 296. On the io«iiUe ohlaiiK*<I when the gfi« is hyilmgon, cf. H, A. WiIkoii, 
Phil. Trans, ctii (1903;, p. 243, *Tviii (lOOH), p. 217 ; ami 0. W. Ui(:lm^ls<M^ 
Phil. Tiuns. ciivii (1906), p. 1. 

tProc. Camh. Phil. Hoc. xi n902), p. 286; Phil. Tmns.^cei (lOO.S), p. 497. 
Cf, uUo H. A- Wilson, Phil. Trans, edi (1903), p. 213. , 

I The same law' applifS to the, emission from other e.jf. hente#] 

alkaline earths, and to the emission of |K>sitivc ions- -at any rate when a steady 
state of emission has Wen 4'eiiched in a gas whioli is at a rhdlnite preMsiire 

§ Phil. Trans, cei 0903>, p. 497. 

I Cf. pp. 467 et $gq. 
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^’-cunjpojieiits tjf vel^)city are comprised between u and u + du is 

TT i a No du/hj^ where I ma^ = 

III denoting the inass^of an electron, T the absolute temperature, 
and f/ th(». universal constant previously introduced. 

Nf)W, an electron whose x-componerit of velocity is n will 
arrivi^ at tlu'. interface within an interval dt of time, provided 
that at the beginning o/ this iin erval it is within a distance n dt 
of tin? interface. So tlVe number of electrons whose a;-com- 
ponents of velocity are comprised between and n + dii which 
arrive at unit area of the interface in the interval dt is 

if' 

7r“ i fi^Nc n dv dt. 

If the work wliich an electron must perform in order to escape 
through the surface layer be denoted by the number of 
electrons emitted by unit area of metal in unit time 
therefore 

p at 2(f> 

7r“ia-“‘iV/' ttdif, or i7r”iiVa<? • 

J ^ntu~ =s ^ 

The current issuing from unit area of the hot metal is thus 

2tf> 3 ^ 

^TT’iiVjEcir or Nk ,(jifT/?)irm)^ c 

where e denotes the charge on an electron. This expression, 
being of the form 

agrees with the experimental measures ; and the comparison 
furnishes the yalue of the superficial discontinuity of potential 
wliich is implied in'the existence of 

A few years after the date of this •investigation, a plan was 

* • • 

• This discontinuity of potential was fouhd to be 2*45 volts for aodimn, 4*1 
volts for platinum, and 6*1 volts for carbon. 

% 
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devisetl iviitl suecc\ssfiilly carried <»ut* tor detormiiiin^ e.\)»eri- 
ineHtally the kiiietie eiier^y l»y ^ic afl»M 

eiuissit)!!. The mean kinetic energy ’of hot It nej^'fitive ami 
positive imis wai^ fouml to he the ^iaine f(»r varit)iis metals 
(platinum. ^Uohl, silver, etc.), anil to he ilir^etly pn»p»»rti«»nal h» 
the absolute temperature; ami tlu**ilislrihution of veloviiio 
among the ions proved to he that expres-mul by MaxwelTs law. 
The ions may therefore l>e n^gardiMl as kinetieally ei|uiv;ileiil 
to the niulecules of a gas whose tempe\*aCure is the same as that 
of the metal. 

lly the investigations which have been reeorileil, the hypo- 
thesis of atomic electric charges has been, to all ai>pearanees, 
tlecisively established, liut all the parts of the theory of 
electrons do not enjoy an eijual degiee of security; ami in 
particular, it is posvsilde that the future may bring imiuutant 
changes iu the conception of the aether. The liope was 
formerly entertained of discovering an aether by reference to 
which motion might he estimated absolutely; but such a hoj»c 
has been destroyed by the researches which have sprung from 
Fitz Gerald’s hypothesis of contraction; and in some recent 
writings it is possible to recognize a tendency to re] dace the 
classical aether by other conceptions, which, however, have 
been iis yet but indistinctly outlined. 

In any event, the close of the iiirict(‘entli century brongfil to 
an end a well-marked era in the history of natural philosophy ; 
and this is true not only witli respect to the discoveries them- 
selves, but also in regard to the conditions of scientific oiganiza- 
tion and endeavour, which in tlie last decades of that period 
became profoundly changed. The investigators who advanced 
the theories of aether and electricity, from the time of liescartes 
to that of Lord Kelvin, were, with very few exceptions, 
congregated within a narrow territory: from*J)ublin b» tin? 
western provinces of iiussia^ and from Stoc*khol^n to the north 

of Italy, may l^e eircuniseribed by a circle of no more than six 
• • • 

* 0. W. Eichanbon anif F. C. Erown, Phil. Mag. xvl (1908), pp. 350, 890 ; 
F. 0. Brown, Phil. Mag. xvii (1009), p. 355 ; xviii (1909), p. 049 



Closing Years of the Nineteenth Century- 469 

• 

ninuj?(Hl miles* fJut throughout the whole of Kelvins 
long [-lie\domain of eiilturc was nj^iidly extending: the 
leai'iiing of the (lennaiiic amj Latin peoples was carried to the 
furl host r(‘gioiis of the eartli : new universities were founded, 
Jiml ititjiiiries into l?lie seorets of nature were instituted in 
every (j unite r of the glohe. Let this record close with the 
aiiLicipation that fellowship iu the pursuit of knowledge will 
iucrcas(‘- iu the nations the spirit of generous emulation and 
mutual respect. 
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